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DEDICATION 


This  Oonference  Proceedings  Is  dedicated  to  the  Office  of  Naval 
Research  and  to  those  men  in  the  greater  Navy  who  had  the  vision,  fore¬ 
sight,  patience  and  fortitude  to  encourage  the  establishment  of  a  radio 
direction  finding  research  program  at  the  University  of  Illinois.  With 
their  continuous  support  the  program  has  grown  and  produced.  The  fruits 
of  their  vision  and  support  can  be  seen  in  the  research  facilities,  which 
are  in  operation  here,  and  also  those  that  are  in  operation  elsewhere  as 
a  direct  or  indirect  result  of  work  done  here. 

The  interactions  with  other  groups  and  the  many  voices  that  will  be 
speaking  at  this  conference  are  due, in  part,  to  the  earlier  viRlons.  We 
hope  that,  in  retrospect,  the  originators  will  feel  that  they  built  well., 
even  if  it  didn't  come  out  quite  as  they  expected. 


FOREWORD 


The  purpose  of  Chis  conference  is  to  promote  discussion  between  Gov¬ 
ernmental,  Educational  and  Industrial  Groups  on  the  "State-of-the-Art"  and 
Science  of  Radio  Direction  Finding,  Radio  Position  Finding,  Directional 
Radio  Propagation;  and  to  explore,  where  possible,  the  future  direction  of 
these  research  efforts,  based  on  user  requirements. 

The  General  Theme  of  this  Conference : 

"D/F  IN  THE  *  70’ S" 

with  subtopics 

1.  RJ)F  Systems, 

2.  Radiolocation  Systems, 

3.  Modeling  and  Simulation  Studies, 

4.  HF  Directional  Propagation  Research, 

5.  Instrumentation. 
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First  off  1  would  like  to  extend  my  personal  greetings  to  all  of 
the  conference  attendees.  Radiolocation  finder  and  radiolocation  type 
people  are  of  a  very  special  breed.  Thi3  common  disciplinary  bond 
involves  many  wonderful  people  and  it  is  a  distinct  privilege  to  have 
each  of  you  here  this  morning.  There  were  some  who  could  not  make  it 
to  the  conference.  Hopefully,  each  of  you  will  carry  the  message  back 
to  them  and  let  them  read  the  Proceedings. 

The  objectives  and  goals  of  this  conference  are  many.  We  called 
out  several  interest  areas  in  an  earlier  letter  to  you  as  follows: 

RDF  IN  THE  '70's 


RDF  System 

Radiolocation  Systems  (Short  and  Long  Range) 

HF  Directional  Propagation  Research 
Active  DF 

Modeling  and  Simulation  Studies 
Instrumentation 

Now  I  certainly  don't  know  all  of  the  goals  and  objectives  that  each  of 
you  has  in  mind  and  this  is  probably  a  good  thing,  but  we  need  a  clear 
day.  I  would  like  to  propose  a  common  goal  to '.the  effect  that  we  leave 
this  conference  with  a  clearer  idea  of  where  it  is  that  the  radio  direc¬ 
tion  finding  and  radiolocation  disciplines  should  advance  during  this 
decade. 

The  term  CLEAR  DAY  has  been  referred  to  and  is  used  to  characterize 
the  closing  sessions  of  this  conference.  I  had  several  ideas  in  mind 
when  I  originally  introduced  it.  I  will  use  it  in  several  different 
contexts;  the  end-point  interpretation  is  common.  My  original  idea  was 
to  have  two  days  of  paper  presentations  followed  by  a  closing  data  that 
was  clear  of  papers  and, hence,  a  time  for  feedback  from  the  conferees  and 
a  time  for  impromptu  discussions  in  a  cleared  atmosphere  so  that  people 
could  talk  clearly  about  that  which  they  clearly  see, in  order  that  the 
rest  of  us  may  see  more  clearly  what  it  is  that  should  be  clear. 

In  another  sense  1  had  in  mind  the  theme  of  a  recent  B.  Streisand 
motion  picture,  "on  A  Clear  Day  You  Can  See  Forever"; of  course,  I  don't 
expect  that  any  of  us  can  see  that  far.  But  I  do  hope  that  the  Confer¬ 
ence  Proceedings  will  provide  insight  and  inspiration  so  that  we  may  see 
to  the  end  of  this  decade,  if  only  dimly, what  it  is  that  should  challenge 
our  efforts. 


In  a  third  sense  I  had  thought  of  clear  day  as  time  for  clearing  up 
any  problems  or  questions  that  may  have  been  generated  by  the  previous 
days  of  formal  presentation. 

In  a  fourth  sense  it  has  become  a  day  of  "clear  the  decks  for  action" 
In  the  sense  of  Navy  parlance.  One  of  our  guests  will  be  speaking  here. 

In  a  fifth  sense  one  might  even  suggest  that  the  closing  day  Is  a 
time  for  clearing  out. 

I  shall  now  stand  clear  of  all  of  this  and  move  Into  the  overview. 

1  shall  use  slides  and  transparencies  In  order  to  move  quickly.  Because 
of  the  pace, one  may  need  to  refer  later  to  the  notes.  Also,  I  hope  you 
will  make  notes  In  your  Proceedings. 

The  plan  for  the  first-day  session  of  the  conference  Is  based  upon 
the  classical  RDF  system  concepts  and  naturally  Includes  the  following: 

(1)  RDF  wave  collectors  and  antennas. 

(2)  Detectors  and  Receivers. 

(3)  Indicators  and  Computers. 

(4)  Interfacing  Systems. 

The  first  slide  shows  the  classical  concept  of  a  radio  direction 
finder  as  It  might  have  been  presented  to  us  ca.  1955.  In  the  sense  of 
functional  measuring  systems  it  has  three  essential  elements.  A  wave 
collector  for  its  "primary  element,"  a  radio  receiver  and  directional 
link  for  Its  "intermediate  means"  and  an  end  device,  JL.e. ,  an  indicator 
for  presenting  sensory  Information.  In  the  intervening  years  this  con¬ 
cept  has  been  modified  and  redefined,  as  it  should  be,  because  of  the 
Impact  of  all  of  the  research  and  development  that  has  gone  on  in  the 
recent  period. 

The  impact  of  the  electronic  computer,  both  analog  and  digital,  is 
Immense.  Its  capabilities  for  computation  and  control  are  still  In  the 
process  of  being  realized,  optimized  and  appreciated. 

Following  the  RDF  System,  per  se.  comes  the  Radiolocation  System. 

Here  one  is  concerned  with  the  following: 

(1)  Intelligent  use  of  the  RDF  System,  _i. e_. ,  what  can  you  really 
measure  with  it? 

(2)  The  propagation  medium  and  its  intelligent  exploitation  in 
obtaining  a  best  estimate  of  the  position  of  the  unknown. 

(3)  Environmental  problems,  siting  and  noise  aspects. 

(4)  Optimum  strategies. 

The  second-day  sessions  have  been  organized  to  provide  additional 
insight  into  the  above  aspects  of  the  radiolocation  problem.  Because  of 
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the  nature  of  this  conference,  many  of  these  papers  may  be  characterized 
as  being  of  a  research  type.  It  Is  for  this  reason  that  the  word 
"research"  appears  in  the  descriptive  title  of  this  conference. 

The  last  day  sessions  are  devoted  to  the  immediate  future.  Hope¬ 
fully,  at  that  time,  each  session  chairman  can  summarize  the  salient 
points  of  his  session  and  provide  this  as  feedback  and/or  feedforward  at 
the  last  session.  Preliminary  to  this  is  the  Potpourri  session  scheduled 
for  this  evening. 

I  hope  that  each  of  you  will  become  involved  in  the  last  session 
either  by  providing  questions  and  comments  or  by  serving  on  a  panel  which 
would  field  the  questions  and  add  comments  of  its  own. 

The  agenda  is  heavy;  accordingly,  we  have  not  scheduled  extensive 
visits  to  the  field  stations.  We  will  be  happy  to  arrange  trips  and 
visits  at  convenient  times.  Those  of  you  who  have  not  seen  our  field 
stations  in  operation  are  urged  to  take  advantage  of  this  opportunity. 
Thank  you. 


-  Directional  Link  - 1 

(a)  Classical  Concept  (ca.  1950) 


Wave 
Collector 
Having  a 
Directional 
Property 


Punch 

Write 

Print 


J 


Controller 

and/or 

Computer 


(b)  More  Recent  Concepts  (1960-1970) 


(c)  Emerging  Concepts  (1970-1980) 
Striving  for  an  Optimum  Solution 


Figure  1. 


Pertinent  to  the  HF/RDF  Systemi  Concept. 


FOURTH  ALLERTON  HOUSE 
CONFERENCE  ON  RADIOLOCATION  RESEARCH 


1:00  P 

6:00  P 
7:00  P 
10:00  : 
*(over 

7:00  A 
8:00  A 


8:30  A 


10:00 

10:30 


Program 

TUESDAY.  1  JUNE  1971 

M.  Begin  checking  in  at  the  Allerton  House,  southwest  of 

Monticello,  Illinois*,  Registration,  Procure  set  of  confer¬ 
ence  notes,  Get  orientated,  Field  Station  visits. 

M.  Dinner  for  early  arrivals. 

M.  Free  time,  homework,  informal  meetings,  Field  Station  visits. 
*.M.  Late  Snack 

the  heather  and  through  the  hedge  to  Allerton  House  we  go . ) 

WEDNESDAY.  2  JUNE  1971 

M.  Breakfast 

M .  FORMAL  OPENING 

WELCOME  -  E.  C.  Jordan,  Head  of  Department  of  Electrical 
Engineering,  University  of  Illinois,  Urbana 

INTRODUCTORY  REMARKS  -  w.  Inglis ,  Office  of  Naval  Research, 

Washington,  D.C.  ' 

"OVERVIEW"  -  A.  D.  Bailey,  Radiolocation  Research  Laboratory, 
Department  of  Electrical  Engineering,  University 
of  Illinois,  Urbana 

M.  FIRST  SESSION  -  ANTENNAS  AND  RDF  WAVE  COLLECTORS 

Chairman  -  E.  C.  Jordan,  Head  of  Department  of  Electrical 
Engineering,  University  of  Illinois,  Urbana 

1.1  "DIRECTION-FINDING  APPLICATIONS  OF  THE  MONOPOLE-SLOT— 

A  SMALL,  BROADBAND,  UNIDIRECTIONAL  ANTENNA,"  P.  E.  Mayes, 
University  of  Illinois,  Antenna  Lab,  Urbana 

1.2  "THE  APPLICATION  OF  LINEAR  ARRAYS  TO  DIRECTION- FINDING, " 
J.  D.  Dyson  and  A.  D.  Bailey,  Electrical  Engineering, 
University  of  Illinois,  Urbana 

1.3  "THE  DESIGN  OF  THE  MODERN  SPACED-L00P  DF  ANTENNA  FOR 
HF  AND  VHF,"  J.  D.  Moore,  T.  C.  Green,  M.  P.  Castles, 
and  J.  W.  Fogwell,  Southwest  Research  Institute, 

San  Antonio,  Texas 

,.M.  Coffee  Break 

,.M.  SECOND  SESSION  -  RDF  RECEIVERS  AND  DETECTION  TECHNIQUES 

Chairman  -  H.  D.  Webb,  Department  of  Electrical  Engineering, 
University  of  Illinois,  Urbana 

2.1  "AN  APPLICATION  OF  MATCHED  RECEIVER  TECHNIQUES  TO  HF 
RADIOLOCATION,"  A.  F.  L.  Rocke,  ITT,  Columbia,  Maryland 

2.2  "APPLICATION  OF  SYNCHRONOUS  AND  CORRELATION  DETECTION  TO 
HF/DF  SYSTEMS,"  R.  W.  Moss  and  H.  H.  Jenkins,  Georgia 
Tech,  Atlanta,  Georgia 

2.3  "ANALYSIS  OF  CORRELATION  DETECTION  TECHNIQUE  FOR  SMALL 
APERTURE  DF  SYSTEMS,"  R.  W.  Moss,  Georgia  Tech,  Atlanta, 
Georgia 


12:00  NOON  Lunch 

1:30  P.M.  THIRD  SESSION  -  ON-LINE,  REAL-TIME  COMPUTERS  IN  RDF 

Chairman  -  W.  Inglis,  Office  of  Naval  Research,  Washington, 
D.C. 

3.1  "REAL-TIME  COMPUTER  PROGRAMMING  TECHNIQUES  FOR  RADIO¬ 
LOCATION  PROBLEMS,"  R.  B.  Mathews  and  P.  E.  Martin, 
Southwest  Research  Institute,  San  Antonio,  Texas 

3.2  "A  CDAA  RDF  SYSTEM  WITH  AN  ON-LINE  COMPUTER," 

L.  C.  Cropper  and  E.  W.  Ernst,  Radiolocation  Research 
Lab,  University  of  Illinois,  Urbana 

3.3  "AN  INTERFEROMETER  RDF  SYSTEM  WITH  AN  ON-LINE  COMPUTER, 

K.  D.  Stenzel  and  E.  W.  Ernst,  Radiolocation  Research 
Lab,  University  of  Illinois,  Urbana 

3:00  P.M.  Coffee  Break 

3:30  P.M.  FOURTH  SESSION  -  RDF  SYSTEMS 

Chairman  -  S.  R.  Thrift,  CNO,  Washington,  D.C. 

4.1  "A  COMPARISON  OF  METHODS  FOR  DETERMINING  ANGLE  OF 
ARRIVAL  WITH  A  CDAA,"  R.  E.  Hunninghaus  and  E.  W.  Ernst 
Radiolocation  Research  Lab,  University  of  Illinois, 
Urbana 

4.2  "THE  V-SCAN  DIRECTION  FINDING  TECHNIQUE," 

J.  H.  Priedigkeit,  Stanford  Research  Institute,  Menlo 
Park,  California 

4.3  "RELATIVE  PERFORMANCE  OF  SMALL  APERTURE  HF/DF  SYSTEMS," 

L.  Scott,  Electronic  Warfare  Lab,  Ft.  Monmouth,  N.  J. 

5:00  P.M.  Hospitality  Hour 

6:00  P.M.  Dinner 

7:30  P.M.  FIFTH  SESSION  -  POTPOURRI 

Chairman  -  C.  Clark,  Naval  Security  Engineering  Facility, 
Washington,  D.C. 

5.1  "THE  CHANGING  SCOPE  OF  RDF  IN  THE  NAVY,"  E.  J.  Kolb, 
Naval  Security  Group,  Washington,  D.C. 

5.2  "THE  RADIOLOCATION  RESEARCH  AND  THE  PATRON,"  E.  J.  Kolb 
Naval  Security  Group.,  Washington,  D.C. 

5.3  "MODE  ANGULAR  WIDTH  MEASUREMENT,"  G.  A.  Smith, 

W.  M.  Sherrill,  and  W.  G.  Guion,  Southwest  Research 
Institute,  San  Antonio,  Texas 


10:00  P.M 


Late  Snack 
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7:00  A.M. 
8:30  A.M. 


10:00  A.M. 
10:30  A.M. 


12:00  NOON 
1:30  P.M. 


3:00  P.M. 


THURSDAY,  3  JUNE  1971 

t 

Breakfast 

SIXTH  SESSION  -  MEASUREMENTS  OF  RANGE  AND  ANGLES  OF  ARRIVAL 
IN  AZIMUTH  AND  ELEVATION 

Chairman  -  A.  D.  Bailey,  Radiolocation  Research  Laboratory, 
Department  of  Electrical  Engineering,  University 
of  Illinois,  Urbana 

6.1  "MEASUREMENT  OF  THE  VERTICAL  ANGLES  OF  ARRIVAL  OF  A 
SKYWAVE  SIGNAL  IN  THE  PRESENCE  OF  MULTIPLE  MODES," 

J.  M.  Kelso,  ITT,  Columbia,  Maryland 

6.2  "RANGE  ESTIMATION  BASED  ON  BACKSCATTER  MEASUREMENTS," 

L.  H.  Tveten,  ESSA/ITS,  Boulder,  Colorado 

6.3  "THE  EFFECTIVENESS  OF  SPECTRUM  AND  AZIMUTH  SPREAD  MEAS¬ 
UREMENTS  IN  DETECTING  SIDESCATTER,"  J.  C.  Blair,  ESSA 

6.4  "FADE  RATE  CORRELATION,"  ;M.  R.  Epstein,  Page  Communica¬ 
tion  Engineers,  Inc,,  Washington,  D.C. 

Coffee  Break 

SEVENTH  SESSION  -  IONOSPHERIC  TILTS  AND  TRAVELING  DISTURBANCES 
Chairman  -  D.  G.  Detert,  AVCO  Corporation,  Lowell,  Massachusetts 

7.1  "STUDIES  OF  TRAVELLING  IONOSPHERIC  DISTURBANCES  WITH  A 
TRIPLE  RADIO  INTERFEROMETER  SYSTEM,"  E.  K.  Walton, 
Radiolocation  Research  Lab,  Department  of  Electrical 
Engineering,  University  of  Illinois,  Urbana 

7.2  "THREE  TRANSMITTER  EXPERIMENTS  IN  RADIOLOCATION  RESEARCH," 
A.  D.  Bailey  and  E.  K.  Walton,  Radiolocation  Research  Lab, 
Department  of  Electrical  Engineering,  University  of 
Illinois,  Urbana 

7.3  "SHORT  TIME  SCALE  IONOSPHERIC  TILT  MEASUREMENTS  FOR  LAT¬ 
ERAL  DEVIATION  COMPENSATION,"  P.  E.  Martin,  R.  L.  Johnson, 
and  T.  C.  Green,  Southwest  Research  Institute,  San  Antonio, 
Texas 

7.4  "THE  PREDICTION  OF  DIURNAL  DEVIATION  EFFECTS," 

R.  I.  Beckwith,  Radiolocation  Research  Lab,  University  of 
Illinois,  Urbana 

Lunch 

EIGHTH  SESSION  -  THE  IONOSPHERE 

Chairman  -  J.  Kelso,  ITT,  Columbia,  Maryland 

8.1  "SINGLE-ANTENNA  FM/CW  VERTICAL  INCIDENCE  SOUNDING," 

S.  M.  Bennett  and  W.  E.  Woolhiser,  AVCO,  Lowell, 
Massachusetts 

8.2  "AMPLITUDE  STUDIES  OF  HF  AURORAL  BACKSCATTER," 

F.  0.  Fahlsing  and  N.  N.  Rao,  Radiolocation  Research  Lab, 
University  of  Illinois,  Urbana 

8.3  "OBSERVA1  ION  OF  DOPPLER  COMPONENTS  OF  HF  OBLIQUt  PROPAGA¬ 
TION,"  A.  H.  Katz  and  A.  S.  Weeks,  AVCO,  Lowell, 
Massachusetts 

Coffee  Break 
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3:30  P.M. 


5:00  P.M. 
6:00  P.M. 
7:00  P.M. 
8:30  P.M. 
9:30  P.M. 

10:00  P.M. 

7:00  A.M. 
8:30  A.M. 


9J30U.M. 
10:30  A.M. 
11:55  A.M. 
12:00  NOON 
1:00  P.M. 


NINTH  SESSION  -  DIRECTIONAL  PROPERTIES  OF  NOISE 

Chairman  -  M.  Clinch,  Rome  Air  Development  Center,  Rome,  N.Y. 

9.1  "AZIMUTHAL  VARIATION  OF  MEASURED  HF  NOISE,"  L.  M.  Posa, 

D.  J.  Materozzi  and  N.  C.  Gerson,  Department  of  Defense 

9.2  "UNUSUAL  RADIO  NOISE  SOURCES  IN  DIRECTION  FINDING  AND  HF 
RECEIVING  SYSTEMS,"  C.  R.  Graf,  USAF  SS,  San  Antonio,  Texas 

9.3  "AZIMUTHAL  DISTRIBUTION  AND  CHARACTERISTIC  PROPERTIES  OF 
AMBIENT  RADIO  NOISE  AT  HF,"  A.  S.  Weeks,  AVCO,  Lowell, 
Massachusetts 

Social  Hour 

Dinner 

FM/CW  Ionosonde  Demonstration 

Informal  Conference  Discussions  on  RAY  TRACING 

Third  A.  A.  Shostak  RDF  Hunt  -  OTH  RADAR  (over  the  heather 
ray  detection  and  ranging) 

Late  Snack 


FRIDAY.  4  JUNE  1971 

Breakfast 

TENTH  SESSION  -  RDF  AND  RADIOLOCATION  RESEARCH  IN  THE  70'  S 

Chairman  -  J.  Kaplan,  USA  ECOM,  Ft.  Monmouth,  New  Jersey 

10.1  "THE  NAVY’S  SATELLITE  SOLAR  ACTIVITY  MONITORING  AND  FORE¬ 
CASTING  SYSTEM,"  E.  W.  Peterkin,  Naval  Research  Lab, 
Washington,  D.C. 

10.2  "ADVANCED  RADIOLOCATION  INTERFEROMETRY,"  W.  M.  Sherrill, 

D.  R.  Travers  and  P.  E.  Martin,  Southwest  Research 
Institute,  San  Antonio,  Texas 

10.3  "FEEDBACK  AND  FEEDFORWARD,"  A.  D.  Bailey,  Radiolocation 
Research  Laboratory,  Department  of  Electrical  Engineering, 
University  of  Illinois,  Urbana 

Coffee  Break 

ELEVENTH  SESSION  -  ON  A  CLEAR  DAY  ONE  CAN  SEE . ?! 

Commencement 

Lunch 

4th  Allerton  House  Conference  on  Radiolocation  Research 

Closes. 
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Direction-Finding  Applications  of 
the  Monopole-Slot  -  A  Small, 

Broadband,  Unidirectional  Antenna 

Paul  E.  Mayes 

Antenna  Laboratory 
Electrical  Engineering  Department 
University  of  Illinois 
Urbana,  Illinois  61801 

I.  Introduction 

The  monopole-slot  is  a  new  antenna  element  which  has  unique  properties 
that  appear  to  be  particularly  suited  in  radio  direction- finding.  The 
element  consists  of  a  conical  monopole  and  a  cavity-backed  slot  which  are 
simultaneously  excited  from  the  same  feeder.  The  element- has  unidirectional 
beam  patterns  and  nearly  constant  input  impedance  over  broad  (greater  than 
10  to  1)  frequency  bands.  The  broadband  impedance  is  obtained  by  combining 
a  series  element  (slot)  and  a  shunt  element  (monopole)  which  have  impedances 
that  are  complementary.  The  bandwidth  ia  limited  on  the  low  frequency  side 
by  either  pattern  or  efficiency,  depending  upon  the  frequency  range  of 
application. 

The  monopole-slot  is  a  two-port  antenna  and  has  two  cardioid  patterns, 
one  associated  with  each  port.  The  patterns  are  related  by  reflection 
through  the  line  of  symmetry  of  the  element,  thus  providing  an  amplitude 
comparison  DF  element  in  a  single  structure..  Of  course,  a  single  cardioid 
pattern  can  be  obtained  by  simply  terminating  one  port  in  a  matched  load. 

In  this  form  the  antenna  is  well  suited  for  use  as  an  element  in  large- 
aperture,  circularly-disposed  DF  arrays.  Since  the  element  pattern  is 
unidirectional,  n<  reflecting  screen  would  be  required.  Over  a  major 
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portion  of  the  pattern  band,  the  antenna,  is  electrically  small  so  that 
construction  for  operation  in  the  HF  band  does  not .present  severe  mech¬ 
anical  problems.  Since  a  ground  mat  is  generally  required  at  these 
frequencies  anyway,  the  addition  of  a  slot  and. shallow  cavity  below  the 
ground  screen  is  not  difficult  to  achieve. 

A  sketch  of  a  UHF  embodiment  of  the  monopoie-slot  antenna  is  shown 
in  Figure  1.  A  narrow  rectangular  slot  is  cut  in  a  ground  plane  which  is 
several  wavelengths  in  dimension.  The  slot  is  backed  by  a  shallow  cavity 
with  a  width  several  times  the  slot  width  and  a- length- slightly  larger 
than  the  slot  length.  The  slot  is  excited- by  the- ground-plane  currents 
produced  when  a  voltage  is  applied  to  a- microstrip  conductor  which  passes 
over  the  slot.  The  microstrip  is  supported  by  a  thin  dielectric  sheet 
which  is  not  shown  in  the  figure.  Provision  is  made  to  connect  the  micro¬ 
strip  to  coaxial  cable  at  each  end.  A  monopole  which  is  perpendicular 
to  the  ground  plane  is  connected  to  the  top  side  of  the- microstrip  at  a 
location  corresponding  to  the  center  of  the  slot. 

II.  Theory  of  Operation 

The  monopole-slot  is  a  passive,  two-port  network.  There  are  many 
ways  of  representing  such  two-ports  and-  each  one  has-  its  particular 
applications.  The  classical  A  B  C  D  matrix  defined  in  {!)  relates  input 
voltage  and  current  to  the  same  output  quantities  and  is  useful  when 
networks  are  to  be  cascaded.  However,  at  higher  frequencies,  it  is  more 
convenient  to  measure  incident  and  reflected  wave  amplitudes  than  to 
measure  voltage  and  current.  A  transformation- converts  the  A  B  C  D 
representation  to  one  involving  wave  amplitudes  A1 ,  B1 ,  A2  and  B2,  pro¬ 
pagation  factors  and  y2  and  image  impedances  and  Zi2  as  given  in  (2). 
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(V 


For  convenience  in  measurements,  the  scattering  parameters  have 
been  used  as  defined  in  (3) . 
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In  the  case  of  the  monopole-slot,  the  structure  is  reciprocal  and 
symmetrical  and  the  following  simplifications  result: 


Reciprocal 
AD  -  BC  =  1 


Yl  *  Y2 


Symmetrical 
A  =  D 


Z..  =  Z., 
ll  1 2 


S21  =  S12 


S11  =  S22 


Finally,  equivalent  network  representations  are  also  useful, 
example,  the  A  B  C  D  matrix  of  a  T  network  is  given  by 


For 


= — VW—i — wv 


1  +  ZXY 


L  Y 


Zl(l  ♦  z2y)  ♦  z2 


1  +  z2Y 


(4) 
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Note  that  when  Y  =  0  this  matrix  becomes 


1  z,  ♦  Z2 


and  when  Z1  =  0,  Z2  =  0  it  becomes 


(5) 


1 

Y 


(6) 


Hence,  inspection  of  the  A  B  C  D  matrix  indicates  how  well  a  given 
two-port  can  be  represented  by  a  single  series  or  shunt  element. 

The  scattering  parameters  measured  for  the  slot  and  monopole  in¬ 
dividually,  when  converted  to  A  B  C  D  matrix  form,  indicate  that  the 
slot  is  predominantly  a  series  load;  the  monopole,  a  shunt  load,  as  is 
expected.  Furtherr.ore ,  since  each  is  a  multiply-resonant  device,  it 
can  be  represented  approximately  by  a  lossless  transmission  line  stub 
with  appropriate  termination  and  a  resistance  which  is  added  to  simulate 
the  effect  of  the  radiation.  Hence,  an  approximate  equivalent  circuit 
for  the  monopole-slot  antenna  is  as  shown  in  Figure  2.  The  series  arm 
nas  been  divided  into  two  parts  to  maintain  the  symmetry  of  the  circuit. 
When  Rs/Rq  =  Gs/Gq  (condition  of  complementarity)  ,  the  image  impedance 
of  this  two  port  network  is  given  by 


L  o 

and  the  propagation  factor  is 


R  R 

r  12  *  lRo  V'1  (ir  -3 «"  0)'2J 


1  1 
2 


(7) 


Y  «  in  {1  +  ZY  +  /ZY  (2  +  ZY)  } 


(8) 
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where 

Z  =  (Gs  +  jGQ  ctn  0)'1 
Y  =  (Rg  +  jRQ  ctn  0)  *. 

Figures  3  and  4  show  computed  plots  of  and  y  for  a  particular  set  of 
parameters  for  tne  circuit  of  Figure  2.  It  is  observed  that  the  image 
impedance  behavior  resembles  that  of  a  lossy  low-pass  filter,  the  image 
impedance  remaining  relatively  constant  with  frequency  below  the  first 
resonance  of  the  stubs.  Hence,  when  terminated  in  the  image  impedance, 
the  input  impedance  should  remain  relatively  constant  also.  Thus,  the 
problem  of  impedance  stability  is  largely  solved  by  this  type  of  net¬ 
work,  as  has  long  been  recognized  in  filter  design.  However,  the  present 
application  calls  for  maximizing  the  loss  (radiation)  in  the  two-port 
ratner  than  minimizing  it  as  in  the  filter  application.  It  is  thus 
important  that  the  real  part  of  y  be  large  to  prevent  low  efficiency  in 
tne  transmitting  case  (due  to  power  delivered  to  the  termination).  As¬ 
suming  a  matched  system  (S^  =  0),  the  efficiency  is  given  by 

e  -  1  -  e“2a  =  1  -  |S21|2.  Y  =  a  +  jB  (9) 

Concentric  circles  on  the  Smith  Chart  are  constant  efficiency  contours 
witn  regard  to  tne  data. 

III.  Experimental  Results 
A.  Impedance  Characteristics 

In  terms  of  scattering  parameters,  the  condition  of  complementarity  is 


(raonopole)  =  -S^tslot) 


(10) 
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Figure 
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Figure  5  shows  how  the  individual  series  and  shunt  arms  of  the  network  of 
Figure  2  satisfy  this  condition.  It  is  desirable  that  the  two  arms  be 
complementary  with  respect  to  50-ohms  for  connection  to  external  cir¬ 
cuitry  having  that  impedance.  Hence,  the  measurements  have  consistently 
been  made  in  a  50-ohm  system  and  are  represented  as  such  on  all  Smith 
Charts  shown. 

Figure  6  shows  the  versus  frequency  of  a  cavity-backed  slot 
with  microstrip  feed  as  shown  in  Figure  1,  but  with  no  monopole.  The 
principal  effect  of  the  cavity  is  a  shift  in  resonant  frequency  which  is 
typical  of  tuning  by  means  of  a  snorted  stub  across  the  slot.  The  slot 
length  corresponds  to  a  half-wavelength  at  about  845  MHz.  A  cavity  depth 
of  one-quarter  guide  wavelength  (Xg/4)  would  affect  the  slot  resonance 
to  a  minimum  degree  since  the  short-circuit  is  transformed  to  a  high 
impedance  across  the  slot.  This  is  found  to  be  in  close  agreement  with 
the  measured  which  displays  zero  phase  at  845  MHz  when  the  cavity  is 
Xg/4  deep.  However,  the  result  of  more  practical  interest  is  that  the 
depth  of  the  cavity  can  be  made  very  much  smaller  without  appreciably 
altering  the  impedance  level  (related  to  magnitude  of  S^)  at  resonance. 
The  principal  effect  of  reducing  the  cavity  depth  is  a  shift  in  resonant 
frequency  as  shown  in  Figure  7.  The  minimum  depth  of  1.5  cm  was  fixed 
by  the  dimensions  of  finger  stock  on  the  adjustable  cavity  bottom.  Even 
at  this  small  depth  the  slot  creates  a  significant  discontinuity  on  the 
stripline,  the  slot  resistance  at  resonance  remaining  approximately 
400  ohms.  These  results  are  considered  significant  since  they  indicate 
tne  possibility  of  constructing  low-silhouette  antennas  which  are  very 
thin  and  therefore  do  not  protrude  excessively  on  either  side  of  the 
ground  plane. 
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Figure  5.  versus  electrical  length  (degrees)  for  a  series  shorted  stub 

and  shunt  open  stub. 
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IMPEDANCE  OR  ADMITTANCE  COORDINATES 


Figure  7. 


versus  frequency  (MHz)  for  slot  backed  with  cavity  1.5  cm  deep. 
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It  was  apparent  from  measured  data  for  linear  monopoles  that 
Equation  (10)  could  not  be  satisfied  over  a  wide  band  of  frequencies  by 
combining  such  monopoles  with  the  previously  measured  shallow-cavity  slots. 
The  monopole  reactance  is  much  higher  than  the  slot  reactance  at  the  lower 
frequencies  (below  700  MHz)  and  the  slot  resistance  near  resonance  is 
greater  than  50  ohms  by  a  larger  factor  than  the  monopole  resistance  at 
resonance  is  less  than  50  ohms. 

It  thus  appears  that  linear  monopoles  alone  cannot  be  made  to  track, 
in  a  complementary  impedance  sense,  the  cavity-backed  slot.  The  principal 
difficulty  with  the  linear  monopole  is  the  high  reactance  at  low  frequencies. 
Various  alternate  antenna  configurations  were  investigated  with  the  view 
toward  reducing  the  reactance  and  the  resistance  at  resonance.  The  best 
results  have  been  obtained  with  conical  monopoles.  Figure  8  shows  the 
measured  data  for  a  90°  conical  monopole  3.8  cm  high.  Note  that  the 
low-frequency  reactance  has  been  reduced  to  the  point  where  the  locus 
is  off  the  center  of  the  chart  at  100  MHz  and  the  resonant  frequency  is 
about  900'  MHz.  Furthermore,  the  resistance  at  resonance  has  been  re¬ 
duced  to  approximately  15  ohms.  This  particular  monopole  would  therefore 
apparently  satisfy  very  well  the  complementary  condition  with  the  cavity- 
backed  slot,  even  one  which  has  a  small  cavity  depth.  The  measured 
data  for  the  conical  monopole-slot  are  shown  in  Figure  9  and  indicate 
that  a  good  match  to  50  ohms  is  indeed  obtained  from  very  low  frequencies 
(all  tne  way  down  to  w  =  0  even)  up  through  2000  MHz.  Hence,  it  has  been 
demonstrated  that  it  is  possible  to  design  an  antenna  with  very  broadband 
impedance  by  using  the  complementary  principle  applied  to  a  monopole-slot. 
However,  no  attempt  was  made  tc  minimize  the  power  delivered  to  the  matched 


load  in  this  antenna.  Hence,  it  is  not  likely  that  the  maximum  efficiency 
will  remain  nigh  over  a  bandwidth  anywhere  near  as  great  as  the  impedance 
oandwidtii  since  the  antenna  is  very  small  in  wavelengths  over  most  of  that 
band.  The  measured  data  shown  in  Figure  10  indicate  that  the  maximum 
efficiency  falls  below  10%  at  about  600  MHz.  For  receiving  applications, 
lower  efficiencies  are  usually  permissible  below  30  MHz  due  to  the  high 
level  of  atmospheric  noise.  The  two  data  points  for  1000  MHz  in  Figures  9 
and  10  demonstrate  tne  repeatability  of  the  data.  One  point  for  1000  MHz 
and  those  for  lower  frequencies  were  taken  at  one  time;  the  second  point 
for  1000  and  those  for  frequencies  above  were  taken  at  a  later  time. 

b.  Directional  Properties 

Since  tne  radiation  pattern  of  the  slot  in  the  azimuthal  plane  is  a 
figure-eight  with  two  out-of-phase  lobes  and  the  pattern  of  the  monopole 
in  tnat  plane  is  omnidirectional,  the  possibility  exists  of  combining 
tnese  patterns  to  obtain  a  cardioid.  Thus,  the  monopole-slot  may  have 
appreciable  directivity  in. spite  of  its  small  size.  Furthermore,  ex¬ 
citing  one  port  of  the  monopole-slot  will  produce  a  cardioid  with  maximum 
in  one  direction  whereas  exciting  the  other  port  will  produce  the  same 
pattern  reflected  through  a  plane  of  symmetry  of  the  antenna.  That  such 
performance  is  indeed  obtainable  is  shown  in  Figure  11  where  an  azimuthal 
pattern  in  the  ground  plane  is  shown  for  excitation  of  each  port.  The 
application  to  amplitude -comparison  DF  systems  is  obvious.  Ordinarily 
acnieving  sucn  directivity  over  a  wide  band  is  associated  with  radiators 
wnich  are  much  larger  in  size  tnan  the  monopole-slot  antenna.  The  fre¬ 
quency  stability  of  the  radiation  pattern  for  the  conical  monopole-slot 
is  illustrated  in  Figure  12.  The  unidirectional  pattern  is  shown  to  be 
maintained  from  200  to  2000  Mhz,  a  10:1  band. 
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IMPEOANCC  OR  ADMITTANCE  COORDINATES 


Figure  10.  S21  versus  frequency  (MHz)  for  combination  of  90°  conical  monopole 

(3.8  cm  high)  and  17.8  cm  slot  with  1.9  cm  depth  cf  cavity. 
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Figure  12  (a).  Azimuthal  (H-plane)  pattern*  of  monopole-slot  antenna  of 
Figures  B.31  and  B.32. 
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Figure  12  (b) .  Azimuthal  (H-plane)  patterns  of  monopole-slot  antenna  of 
Figures  B.31  and  B.32. 
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Figure  12(c).  Azimuthal  (H-plane)  patterns  of  monopole-slot  antenna  of 
Figures  B.31  and  B.32. 
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Since  the  front-to-back  ratio  (F/B)  is  dependent  upon  the  ratio  of 
power  delivered  to  the  monopole  and  slot  radiators,  it  is  affected  by  the 
feeder  impedance  as  well  as  the  impedances  of  the  monopole  and  slot. 
Therefore,  the  F/B  of  the  patterns  of  Figure  12,  which  varies  between 
7.5  and  25  db,  is  characteristic. of  the  50-ohm  feed  system.  The  mono¬ 
pole  field  appears  to  be  dominant,  indicating  a  possibility  of  increasing 
F/B  by  altering  the  feeder  so  that  more  power  goes  to  the  slot,  less  to 
the  monopole.  Checking  this  possibility  presents  some  difficulties  with 
respect  to  construction  and- measurement .  To  prevent  the  50-ohm  level  at 
input  and  output  ports  and  yet  provide  a  higher  impedance  for  the  micro¬ 
strip  as  it  passes  over  the  slot,  a  double-tapered  line  using  the 
Klopfenstein  design  was  carefully  constructed  using  photo-etching  tech¬ 
niques.  An  increase  of  feeder  impedance  from  50  to  100  ohms  appeared  to 
be  practical  and  representative  of  the  value  needed  to. increase  F/B. 
However,  once  the  feeder  impedance  has  been  increased,  the  monopole-slot 
combination  previously  used  will  no  longer  be  complementary  with  respect 
to  the  new  impedance  level.  This  then  requires  a  redesign  of  the  radi¬ 
ating  elements  so  the  Equation  (10)  continues  to  be  satisfied,  since  this 
also  nas  an  effect  upon  F/B.  Because  of  these  practical  difficulties  the 
matter  of  increasing  F/B  has  not  been  exhaustively  investigated  at  this 
time.  However,  two  models  have  been  constructed  using  the  cavity  with 
1.9  cm  depth.  In  both  cases,  30-degree  conical  monopoles  were  found  to 
better  satisfy  the  complementary  condition.  In  one  case,  the  monopole 
height  was  made  4.0  cm;  in  tl*e  other,. 4.9  cm.  The  results  of  pattern 
measurements  on  these  antennas  are  shown. in  Figure  13  along  with  F/B 
data  for  the  original  monopole-slot.  It  is  seen  that  F/B  greater  than 
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previously  observed  is  obtained  over  limited,  but  wider,  bandwidths  in 
both  cases.  It  thus  appears  that  larger  F/B  is  indeed  possible  pro¬ 
viding  the  optimum  power  division  between  monopole  and  slot  can  be  ob¬ 
tained  simultaneously  with  the  satisfaction  of  the  complementary  condition. 

IV.  Conclusions  and  Applications 

It  has  been  demonrtrated  that  it  is  possible-  to-  combine  a  monopole 
and  a  cavity-backed  slot  to  obtain  a  unidirectional  antenna  which  has  an 
exceptionally  broad  bandwidth  considering  both  pattern  and  impedance 
criteria.  Furthermore,  over  a  major  part  of  the  band  the  antenna  has 
dimensions  that  are  small  compared  to  the  wavelength.  The  models  tested 
to  date  have  low  efficiency  at  the  low  end  of  the  operating  band,  but 
this  is  not  necessarily  a  hindrance  for  receiving  applications  at  fre¬ 
quencies  below  30  MHz. 

An  amplitude -comparison  DF  system  is  easily  accomplished  using  the 
monopole-slot  antenna  by  simply  connecting  each  of  the  ports  to  one  channel 
of  a  twin-channel  DF  receiver.  Utilization  of  the  monopole-slots  in 
large-aperture,  circularly-disposed  arrays  is  also  believed  feasible, 
although  requiring  further  investigation  in  terms  of  optimum  parameters 
for  best  performance  in  an  economical  design.  Techniques  for  increasing 
efficiency  and  F/B  even  when  the  cavities  are  of  reduced  length  and 
extremely  shallow  depth  should  be  investigated.  The  resulting  arrays 
would  have  a  form  quite  like  those  currently  in  use  except  that  no  re¬ 
flecting  screen  should  be  required.  Bandwidths  approaching  those  of 
arrays  of  log-periodic  elements  should  be  possible  without  the  compli¬ 
cations  resulting  from  tne  moving  phase  center  of  those  elements.  It 
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seems  unlikely  that  the  high  efficiency  which  is  possible  with  log-periodics 
will  ever  be  realized  across  comparable  operating  bands.  However,  for 
receiving  applications  in  the  HF  band,  this  is  not  necessarily  a  re¬ 
quirement  for  a  successful  system. 
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The  Application  of  Linear  Arrays  to 

* 

Direction- Finding 

J.  D.  Dyson  and  A.  D.  Bailey 

Department  of  Electrical  Engineering 
University  of  Illinois 
Urbana,  Illinois  61801 

I.  Introduction 

The  successful  application  of  large  antenna  arrays  in  the  field  of 
radio  astronomy  suggests  that  similar  systems  might  be  used  for  HF  radio 
direction  finding  when  the  direction  of  arrival  of  signals  in  the. vicinity 
of  the  zenith  is  of  concern.  Any  practical  size  array  will  result  in 
less  resolution  at  H.F.  than  that  now  achievable  in  radio  astronomy 
applications,  however,  an  order  of  magnitude  or  more  change  in  resolution 
would  still  provide  performance  which  is  consistent  with  present  direction 
finding  requirements. 

Under  a  contract  with  the  Army  Material  Corps,  the  University  of 
Illinois  has  been  studying  some  of  the  characteristics  and  limitations 
of  moderate  size  arrays  when  used  for  the  determination  of  arrival  in¬ 
formation  on  high  angle  waves  in  the  H.F.  range  of  frequencies.  We  have 
chosen  as  a  model  for  study,  a  cross  configuration  of  two  linear  arrays 
of  a  length  such  that  tney  would  form  the  diagonals  of  a  square  forty-acre 
field,  i.e.,  a  length  of  570  meters.  This  is  equivalent  in  size  to  many 
present  day  Wullenweber  arrays. 

It  is  of  interest  to  consider  some  basic  array  theory  as  applied  to 
the  arrays  of  this  size  when  used  from  2  to  32  MHz. 

II.  Uniform  Linear  Arrays 

The  cross  array  is  shown  in  Figure  1  with  its  associated  coordinate 
system.  The  individual  elements  are  represented  by  circles.  We  assume 

*Presented  at  the  4th  Allerton  Conference  on  Radiolocation  Research, 
Allerton  Park,  Monticello,  Illinois,  June  2-4,  1971. 
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that  each  linear  broadside  array  has  a  fan  beam  voltage  pattern  of  several 
coaxial  cones  with  a  plane  as  the  limiting  case.  The  main  beam  lies  in  a 
plane  when  steered  to  the  zenith,  but  is  a  cone  for  all  other  declinations. 

There  are  various  methods  of  processing  the  information  which  would 
be  available  from  such  a  cross-array  system.  One  of  the  first  that  comes 
to  mind  is  the  successful  phase-switching  technique  used  for  array  multi¬ 
plication,  as  developed  by  Ryle  in  19521  and  applied  to  cross  arrays  in 

2 

radio  astronomy  by  Mills  in  1953.  However,  it  can  readily  be  shown  that 
this  technique  depends  upon  the  incoherent,  uncorrelated  nature  of  radio 

3 

astronomical  signals.  For  direction  finding,  the  sources  are  not  neces¬ 
sarily  uncorrelated,  since  it  is  frequently  necessary  to  identify  two  or 
more  signals  arriving  from  the  same  source  via  multi-path  propagation. 

Hence  for  the  present  purpose  we  must  look  for  another  data  processing 
scheme. 

If  we  again  consider  the  two  beams  of  these  arrays,  we  note,  as  shown 
in  Figure  2(a),  that  the  intersection  of  these  beams  forms  a  "pencil  beam." 
This  intersection  is  shown  at  the  zenith  in  Figure  2(a)  and  at  an  angle 
off  the  zenith  in  Figure  2(b).  By  an  appropriate  phasing  of  these  two 
arrays  this  pencil  or  intersection  beam  can  be  scanned  over  a  major  portion 
of  the  upper  hemisphere.  One  approach  to  the  determination  of  the  direction 
of  arrival  of  an  incident  wave  would  simply  be  to  determine  the  orientation 
of  this  pencil  beam  for  a  maximum  response.  The  resolution  of  such  a  tech¬ 
nique  is  a  function  of  the  angular  width  of  this  intersection  beam,  and  this 
width  is,  in  turn,  a  function  of  the  spherical  coordinates  defining  the 
position  of  the  beam  in  the  hemisphere,  and  of  the  wavelength  of  operation. 

To  illustrate  the  change  in  this  intersection  beam  as  a  function  of 
orientation,  it  is  possible  to  calculate  the  radiation  pattern  of  the  two 
arrays  and  then  plot  on  a  unit  hemisphere  the  null,  and  the  half-power 
contours  of  the  intersection  bean..  The  null  beamwidth  is  defined  to  be 
the  angular  width  between  the  first  nulls  on  each  side  of  each  of  the  fan 
beams .  In  theory  tnis  forms  a  square  when  the  two  fan  beams  are  at  the 
zenith.  The  half-power  beamwidth  is  the  angular  width  at  the  half-power 
points  of  the  main  beams . 
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Assume  as  an  example,  570.meter  uniform  arrays-  of  isotropic  elements, 
with  these  elements . spaced  one-half  wavelength  apart,  which  are  operated 
at  6  MHz.  The  relative  size  and  shape  of  the  intersection  beam  at  seven 
different  orientations  is  shown  in  Figure  3. 

We  note  that  as  the  beam  is  scanned  away  from  the  zenith,  and  in 
particular  as  it  is  scanned  away  from  the  plane  of  the  two  arrays,  the 
shape  of  the  beam  becomes  distorted.  Thus  if  the  resolution  in  the 
determination  of  the  direction  of  arrival  is  a  function  of  the  beamwidth, 
this  change  in  pattern  shape  will  place  a  bound  on  the  maximum  permissible 
angle  of  scan.  Since  the  pattern  shape  is  a  function  of  the  length  of 
the  arrays  in  wavelengths,  this  bound  will  also  be  a  function  of  the 
frequency  of  operation.  This  is  dramatically  shown  in  Figures  4  and  5 
where  the  beams-  for  the  same  example  which  was  considered  in  Figure  3, 
are  replotted  when  the  arrays  are  operated  at  4  and  2  MHz  respectively. 

The  change  in  beamwidth  of  our  570  meter  arrays  with  angle  of  scan 
and  frequency  of  operation  is  shown  in  Figures  6  and  7. 

Several  interesting  conclusions  can  be  drawn  from  an  inspection  of 
Figures  3  through  7. 

1.  As  frequency  increases,  both  beamwidths  decrease. 

2.  The  shape  of  both  contours  repeats  at  <J>m  =  0°,  90°,  270°  and  360°. 

3.  The  contours  lose  symmetry  at  any  angle  other  than  ^  =  0° ,  45°, 

90°,  135°,  etc. 

4.  The  vertical  beamwidths  (measured  in  0  direction)  increase  with 
scan  angle  off  the  zenith. 

5.  The  beamwidth  contours  are  not  centered  about  the  maximum  in  the 
0  direction,  this  asymmetry  becoming  worse  as  the  angle  of  in¬ 
cidence  increased. 

6.  For  very  low  frequencies  and  very  large  angles  of  incidence,  there 
is  a  point  where  the  pattern  may  not  reach  a  null  (c.f.  Figure  4). 

It  should  be  noted  that  these  figures  show  the  worst  cases,  since Jihey 
are  for  operation  at  very  long  wavelengths  for  this  size  array,  and  operation 
at  frequencies  above  6  MHz  will  bri  *g  substantial  improvement. 


- Half  power  contours 

-  Null  contours 

Figure  3,  Projection  of  Half-Power  and  Null-Beamwidths 
on  the  Unit  Sphere  F  =  6  Me ,  L  =  570  meters 


- 3db  contours 

-  Null  contours 

Figure  4.  Projection  of  Half-Power  and  Null-Beamwidths 
on  the  Unit  Sphere  F  =  4  Me,  L  =  570  meters 


- 3db  contours 

-  Null  contours 

Figure  5.  Projection  of  Half-Power  and  Null-Beamwidths 
upon  the  Unit  Sphere  F  =  2  Me ,  L  =  570  meters 
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Figure  7.  H-P  Beamwidth  of  Given  Antenna  Array  as  a  Function  of 
Frequency  for  Two  Orientations  of  Beam  Maximum  in  one 
of  the  Principal  Planes  of  the  Array,  L  =  570  meters 
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Thus  far  we  have  considered  arrays  with  elements  spaced  one-half 
wavelength  (A/2)  apart,  and  only  one  main  beam  associated  with  each  array. 
If  the  spacing  (d)  between  elements  in  a  uniform  array  becomes  greater 
than  A/2,  a  second  main  beam  will  appear  as  the  first  beam  is  scanned 
down  toward  the  horizon.  Thus  to  limit  the  radiation  pattern  of  the 
array  to  a  single  main  beam  we-  must  choose 


where 


1  + 


cos(y  ) 
v 'max' 


(1) 


Y  = 


and  Ymax  is  the  maximum  angle  of  scan.  In  Figure  8,  the  number  of 
elements  required  to  form  a  570  meter  uniform  linear  array  is  plotted  as 
a  function  of  the  maximum  usable  frequency  of  operation,  and  angle  of 
scan. 


III.  The  Determination  of  Directional  Information 


As  indicated  above,  we  have  assumed  that  the  linear  arrays  have  conical 
main  beams  that  may  be  scanned  over  the  hemisphere.  The  wave  arrival  di¬ 
rection  corresponds  to  a  unique  orientation  of  the  conical  beam  for  each 
array.  The  orientations  of  these  conical  beams  form  a  unique  hemispherical 
intersection  as  shown  in  Figure  2.  This  intersection  is  a  pencil  beam 
which  corresponds  to  the  wave  arrival  direction.  The  angle  of  beam  max¬ 
imum  with  respect  to  each  array  axis,  called  the  conical  beam  angle,  and 
the  corresponding  wave  arrival  direction  are  related  by 


and 


cos  =  cos  <j>  sin  0 
cos  £2  =  sin  <P  sin  0, 


(2) 

(3) 


where  3^  and  are  the  conical  beam  angles  for  the  first  and  second  arrays, 
respectively. 


Elements 
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Frequency  in  MHz 


Figure  8.  Number  of  elements  required  to  form  a  570  meter  uniform  linear 
array  to  insure  a  single  main  beam  for  the  maximum  indicated 
scan  angles. 
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In  theory,  one  need  only  scan  the  array  responses  of  both  arrays 
over  the  hemisphere  to  determine  the  values  of  3^  and  »  which  are  the 
angles  corresponding  to  the  maximum  array  responses  of  the  two  arrays. 
The  angles  may  then  be  used  along  with  Equations  2  and  3  to  determine 
the  direction  of  arrival.  In  actual  practice  this  procedure  would  not 
provide  sufficient  accuracy  because  of  the  slowly  varying  nature  of  the 
array  amplitude  function  in  the  neighborhood  of  the  beam  maximum. 

This  study  has  been  based  upon  the  premise  that  it  might  be  de¬ 
sirable  to  keep  the  antenna  system  transportable  and  rather  easily  set 
up,  but  of  necessity,  the  associated  electronics  would  be  sophisticated 
if  its  full  capabilities  were  to  be  realized.  Thus,  it  has  been  assumed 
that  a  small  computer  would  be  incorporated  into  the  system  at  the  re¬ 
ceiving  site. 

To  take  advantage  of  the  presence  of  a  small  on-line  computer, 

Uavis  has  shown  that  it  is  possible  to  improve  the  accuracy  of  deter- 

4 

mination,  if  we  take  a  weighted  mean  of  the  beam  angles.  The  weighting 
factors  for  such  a  mean  would  be  the  corresponding  amplitude  responses 
of  the  arrays.  The  resultant  means  would  be  considered  to  be  the  true 
conical  beam  angles.  They  would  be  combined  as  described  above  to 
determine  the  true  direction  of  arrival. 


In  order  to  proceed  with  the  formulation  of  such  a  mean,  it  is  nec¬ 
essary  to  again  review  some  basic  array  concepts  and  mathematical  nota¬ 
tion.  We  assume  all  the  elements  of  the  cross  array  to  be  identical, 
with  the  same  orientation,  and  the  received  amplitude  at  each  element  to 
have  the  form 

A  -  P(0,*)Aa,  (4) 

where 


A  =  received  amplitude  at  element, 

P(0,4>)  =  amplitude  modification  of  wave  due  to  pattern  and  polarization 
properties  of  element, 

A  =  amplitude  of  wave  incident  from  (0,<j>)  direction. 


Thus,  the  resolution  of  a  wave  of  amplitude  A  incident  on  an  array  with 

cl 

element  patterns  given  by  P(6,4>)  is  equivalent  to  the  resolution 
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of  a  wave  of  amplitude  A  incident  on  an  array  of  isotropic  elements. 
Therefore,  we  may  work  with  the  received  amplitude  A  to  resolve  the  wave 
direction.  After  the  direction  of  arrival  has  been  determined,  the  wave 
amplitude  may  be  computed  from  Equation  4. 

If  we  consider  the  uniform  linear  array  of  N  elements  in  Figure  9, 
with  a  wave  oriented  at  angle  $  from  the  axis  of  the  array,  and  we 
choose  the  r  element  to  be  the  reference  with  a  response  of  A,  then 
the  response  at  each  element  n  is 

d  cos  Bft 
- j2ir (n-r)  - r - ± 

E'  >=  Ae  A  •  (5) 

n 

where 

d  =  element  spacing, 

X  =  signal  wavelength. 

The  e**Wt  time  convention  is  assumed. 

To  form  the  array  response  for  the  main  beam  directed  in  the  8 
direction,  we  shift  each  element  response  1  y 

ej2ir(n-r)  i-SjS-6  (6) 

and  add  the  shifted  responses.  The  resultant  array  response  for  a  wave 
incident  at  an  angle  8q  is 

N  -j2ir(n-r)  y  (cos  Bn  -  cos  8)  (7) 

y '  (6)  =  E  Ae  A  u 

n=l 

Since  the  amplitude  is  the  variable  to  be  maximized  with  respect  to  the 
array  angle,  it  is  reasonable  to  use  the  magnitude  of  the  array  response 
as  the  weighting  factor  for  a  weighted  mean. 

If  we  choose  8  for  the  mean  variable,  we  find  that  the  weighted 
mean  results  in  an  angle  closer  to  the  array  axis  than  the  angle  of  maxi¬ 
mum  amplitude.  This  result  is  due  to  the  asymmetry  of  the  array  function 
for  the  main  beam  when  it  is  positioned  at  angles  far  from  the  zenith. 
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Signal  Direction  Constant  Phase 


Array 


Figure  9.  The  geometry  pertinent  to  a  conical  beam  and  associated 
linear  antenna  array. 
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It  is  easily  observed  in  Figure  10  that  the  array  factor,  the  orthogonal 

projection  of  the  array  function  onto  the  array  axis,  is  a  symmetrical 

5  * 

function,  as  needed.  If  we  define  the  projection  variable  (or  pro¬ 
jected  angle)  as 

x  =  1  -  cos  3,  (8) 

then  the  array  response  is  a  symmetrical  function  of  x  about  ,  and 
tnus  a  useful  weighted  mean  may  be  calculated  using  x  as  the  mean  var¬ 
iable.  Scanning  the  main  beam  results  in  a  simple  translation  of  y(x). 

IV.  The  Resolution  of  the  Arrays 

If  arrays  of  this  type  are  to  be  used  for  high  angle  D.F.,  the 
capability  of  resolving  the  directions  of  arrival  of  two  or  more  closely 
spaced  waves  becomes  of  considerable  importance.  Using  the  assumption 
that  a  small  digital  computer  would  be  on  line  in  an  operational  system, 
a  computer  was  used  to  simulate  and  process  the  information  from  such  a 
system.  Again  to  take  advantage  of  this  computer  Davis  has  developed  a 
technique  for  using  the  computer  to  increase  the  resolving  power  of  a 

4 

given  array  to  tne  limit  imposed  by  geometrical  optics. 

Let  us  consider  two  waves  of  amplitudes  A^  and  k^  to  be  incident 
upon  a  linear  array  at  the  corresponding  conical  beam  angles,  3^  and 
&2’  Since  the  total  element  response  for  each  element  is  the  sum  of 
the  responses  to  both  waves,  we  can  obtain  the  expression  for  the  element 
response  phasor.  The  array  response  Y  is  the  sum  of  and 
response  phasors  for  the  two  waves . 

In  general,  we  have  no  information  about  the  phasor  elements  of 
Yj  or  Y^,  but  can  determine  the  values  of  the  phasor  Y.  Since  we  know 
the  form  of  the  array  response  phasors  for  the  two  signals,  it  is  pos¬ 
sible  to  determine  Y1  and  Y^  by  an  iterative  process  using  a  sophisticated 

curve  fitting  routine. 

★  * 

Instead  of  using  the  conventional  ip  as  the  space  factor  variable,  we 
have  used  x.  For  a  main  beam  located  at  xn,  x  and  ip  are  related  by 
ip  =  2trd  (x0  -  x)/A. 


Figure  10.  The  general  form  of  the  array  function,  |y'(6)|,  and  the 
array  factor,  |y(x)|.  The  region  of  x  between  0.0  and 
2.0  is  called  the  visible  region  of  the  array  factor. 


A  necessary  criterion  for  resolution  of  such  an  iterative  process  can 
be  found  from  the  use  of  physical  optics  criteria.  The  Rayleigh  criterion 
is  that  two  components  of  equal  intensity  should,  be  considered  to  be  just 
resolved  when  the  principal  maximum  of  one  coincides  with  the  first  in¬ 
tensity  minimum  of  tne  otner.  Thus 


Ax  =  |x: 

wnere  b  is  tne  array  lengtn,  X  is 
separation  in  the  projected  array 
close  to  9Q  degrees)  this  becomes 


tne  wavelength,  ana  Ax  is  the  wave 
variable.  Near  the  zenith  (angles 


A8  =  -  Bjl  >£  , 

where  A3  is  in  radians  . 

The  array  length  in  wavelengths  thus  imposes  a  bound  upon  the  re¬ 
solving  power  of  the  array  and  this  bound  has  been  plotted  in  Figure  11 
as  a  function  of  frequency  for  a  570  meter  array. 

This  iterative  processing  of  the  array  data  can  be  described  as  a 
"reconstruction"  technique.  It  utilizes  a  knowledge  of  an  idealized  (or 
a  measured)  array  pattern  (or  response)  for  a  given  array  in  its  en¬ 
vironment,  to  a  single  incident  wave,  to  obtain  and  separate,  closely 
spaced  incident  waves.  The  technique  is  applied  to  each  broadside  array 
of  the  cross  array,  the  results  being  combined  to  obtain  the  actual  di¬ 
rection  of  arrival  information.  Briefly  this  "reconstruction"  is  ac¬ 
complished  by  measuring  the  complex  (amplitude  and  phase)  signals  re¬ 
ceived  by  the  array  as  it  is  scanned  in  space. 

Initially,  samples  are  taken  of  the  phase  and  magnitude  of  the  array 
response  across  the  chosen  portion  of  the  hemisphere.  The  sampled  mag¬ 
nitudes  are  scanned  for  a  maximum  which  is  assumed  to  be  the  location  of 
the  primary  wave  and  is  designated  as  such.  (This  assumption  may  be  in 
error,  but  will  be  corrected  by  iteration.)  This  sampled  response  is 
separated  into  real  and  imaginary  parts.  About  the  location  of  the  maxi¬ 
mum  of  the  sampled  primary,  the  response  of  the  array  to  a  single  wave 
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Figure  11.  Limit  of  the  resolving  power  of  a  linear  570  meter  array  as 
a  function  of  the  frequency  of  operation. 
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V.  Discussion 

The  use  of  linear  crossed  arrays  for  high  angle  direction  finding 
would  appear  to  be  very  attractive  if  it  is  possible  to  incorporate  into 
the  system  a  small  on-line  digital  computer.  The  performance  of  the  arrays 
however  are  unalterably  tied  to  the  size  of  the  arrays  in  wavelengths.  To 
gain  added  accuracy  and  resolution  the  array  size  must  be  increased. 

The  size,  or  length  of  the  arrays,  and  hence  the  required  number  of 
elements  is  of  prime  concern  for  many  applications.  In  a  limited  ex¬ 
tension  of  this  work,  the  iteration  technique  was  extended  to  cover  space 

tapered  arrays.  In  these  arrays  the  spacing  between  adjacent  elements 

7 

increases  toward  the  ends  of  the  aperture.  Using  a  cosine  squared 
density  taper,  for  a  570  meter  array  operated  at  6  MHz,  it  was  possible 
to  reduce  the  22  elements  down  to  13  elements  with  only  a  slight  increase 
in  computing  time  and  uncertainty  in  determination  of  direction  of  arrival. 
Thus  a  reduction  in  the  number  of  elements  shown  in  Figure  8  by  a  factor 
of  two  seems  possible. 

There  are  several  receiving  system-computer  trade-offs.  An  elec¬ 
tronically  scanned  system  that  provides  a  single  complex  response  from 
each  of  the  two  arrays  at  each  position  of  scan  is  straight  forward,  but 
requires  adequate  electronic  phase-shifters  to  scan  the  beams.  An  alter¬ 
nate  system,  and  the  one  simulated  in  this  study,  would  consist  of  an  in¬ 
dividual  receiver  for  each  element,  or  a  scanning  sampler  that  connects 
the  elements  in  turn  to  one  more  receivers  capable  of  recording  the  mag¬ 
nitude  and  relative  phase  of  the  output  of  each  array  element.  These 
complex  signals  are  then  combined  in  the  computer  to  form  the  radiation 
beam  of  the  total  array. 

The  computational  techniques  which  have  been  considered  permit  a 
determination  of  the  direction  of  arrival  of  each  of  two  waves  to  within 
an  angular  uncertainty  substantially  less  than  1  degree,  if  there  is  5% 
or  more  difference  in  their  amplitudes  and  they  are  separated  by  the  re¬ 
solution  limit  of  the  array.  For  the  crossed  arrays  this  uncertainty 
may  increase  to  2.5  degrees  (at  6  MHz  with  570  meter  arrays)  when  the 
orientation  cf  the  incident  waves  are  such  that  the  separation  of  the 
waves  is  closer  than  the  resolution  limit  for  one  array  but  not  for  the  other. 
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of  that  amplitude  is  constructed.  The  real  and  imaginary  parts  of  the 
constructed  response  are  subtracted  from  the  measured  response.  The  re¬ 
mainder  is  combined  to  give  an  assumed  secondary  response,  i.e.  a  "re¬ 
constructed"  secondary. 

The  magnitude  of  the  reconstructed  secondary,  is  scanned  to  obtain 
a  tentative  secondary  bearing.  As  was  done  for  the  primary  bearings,  an 
array  response  is  constructed  about  this  secondary  bearing  and  subtracted 
from  the  original  sampled  response.  This  new  response  is  referred  to  as 
tne  reconstructed  primary. 

The  indicated  bearings  are  then  calculated  by  applying  the  center  of 
gravity  calculations  to  the  main  beams  (response  between  the  first  nulls 
on  each  side  of  the  maximum)  of  the  reconstructed  responses. 

These  new  estimates  of  direction  of  arrival  are  now  used  to  repeat 
tne  reconstruction  process  just  described.  This  routine  is  iterated 
until  the  estimates  converge  to  constant  values. 

Applying  tnis  technique  to  the  broadside  arrays  of  the  cross,  the 
results  will  be  conical  beam  bearings.  The  true  bearings  are  at  the 
intersections  of  these  conical  beams  and  can  easily  be  calculated.  There 
are  some  fundamental  limitations  on  such  a  process.  For  example,  two 
waves  of  the  same  frequency  may  be  separated  if  they  satisfy  an  array 
limit  criterioi.  for  eacn  array  and  the  optical  resolution  criterion  for 
at  least  one  array.  The  array  limit  criterion  requires  that  the  main 
beam  of  the  array  factor  be  completely  contained  in  the  visible  region  of 
the  array  factor  for  beam  orientations  in  the  directions  of  both  waves. 
The  optical  resolution  criterion  requires  that  one  half  of  the  main  beam 
width  of  one  array  be  less  than  the  wave  separation. 

This  iterative  technique  may  easily  be  extended  to  separation  of 
more  than  two  waves.  This  would  require  additional  initial  values  for 
the  iterative  routine  and  an  extension  of  the  criteria  presented  above. 


The  process  converged  when  Gaussian  noise  was  added  to  the  response 
of  each  element  such  that  standard  deviation  of  the  noise  was  as  great  as 
0.7  of  the  magnitude  of  the  strongest  of  the  two  waves.  The  presence  of 
tni^noise  caused  the  uncertainty  of  determination  to  rise  to  slightly 
more^han  1  degree  for  a  single  array. 


V.  Conclusions 


Moderately  sized  linear  arrays  are  well  suited  for  the  determination 
of  the  direction  of  arrival  of  high-angle  incident  waves.  If  the  receiving 
system  can  incorporate  a  small  on-line  computer,  data  processing  techniques 
are  available  that  make  such  antenna-receiving  systems  compctative  with 
any  of  the  low-angle  receiving  systems. 
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THE  DESIGN  OF  THE  MODERN  SPACED-LOOP  DF  ANTENNA  FOR 
HF  AND  VHF 


ABSTRACT 

HF  and  VHF  coaxial  spaced  loop  antenna  designs  are  reviewed 
for  various  applications.  Bearing  accuracy,  polarization  response, 
sensitivity,  response  time,  sensing  methods  and  other  performance 
characteristics  are  reviewed. 

I.  INTRODUCTION 

Coaxial  spaced  loop  antennas  in  a  variety  of  designs  can  be 
used  to  satisfy  direction  finding  requirements  in  the  HF-VHF  range. 

These  applications  include  ground  based,  airborne,  and  shipboard 
siting  and  involve  various  types  of  DF  processing.  The  purpose  of 
this  paper  is  to  examine  several  types  of  spaced  loop  direction  finders 
and  describe  the  general  performance  characteristics. 

II.  ANTENNA  PATTERNS 

The  coaxial  spaced  Loop  antenna  pattern  is  obtained  by  differentially 
connecting  simple  loop  antennas  as  shown  in  Figure  1.  Coaxial  spaced 
loop  antenna*  azimuth  patterns  for  vertical,  horizontal,  and  elliptical 
polarization  are  shown  in  the  Figure  2.  Note  that  the  spaced  or  inter¬ 
ferometer  nulls  rerrmin  fixed  in  azimuth  independent  of  the  incident 
polarization.  The  elevation  patterns  are  given  in  Figure  3  where  a 
maximum  for  vertical  polarization  occurs  at  horizontal  incidence  and  a 
maximum  for  horizontal  polarization  occurs  at  a  45°  elevation  angle. 

III.  SPACED  LOOP  ANTENNA  TYPES 

We  categorize  spaced  loop  antennas  into  three  distinct  configur¬ 
ations:  (1)  the  rotating  single  spaced  loop  element,  (2)  the  8-loop  fixed 


*  The  term  spaced  Loop  will  be  used  for  the  coaxial  spaced  loop  antenna 
throughout. 


FIGURE  I 
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crossed  spaced  Loop  array,  and  (3)  the  fixed  single  spaced  loop  element. 

In  each  case  the  antenna  pattern  is  used  to  obtain  the  direction 
finding  information.  The  primary  differences  between  these  configurations 
is  in  the  method  of  DF  processing  which  is  adapted  to  the  specific 
application  and  requirements. 

A,  Rotating  Antenna 

Figure  4  shows  a  typical  rotating  spaced  loop  antenna  designed 
to  meet  a  portable  HF  multipolarization  direction  finding  requirement. 

The  rotating  spaced  loop  element  develops  the  antenna  pattern  which  is 
displayed  on  a  CRT  display.  Sense  is  obtained  by  unbalancing  the  simple 
loop  outputs  to  provide  the  necessary  dipole  mode  injection.  The  rotating 
antenna  provides  multipolarization  direction  finding  by  the  interferometer 
null  measurement  on  the  CRT  (spaced  loop  antenna  axis  broadside  to  the 
plane  of  incidence).  Typical  CRT  displays  for  signals  of  various  polarization 
on  an  antenna  range  including  sense  injection  are  shown  in  Figure  5. 

Typical  CRT  patterns  for  sky  wave  signals  are  shown  in  Figure  6.  The 
various  designs  of  this  basic  configuration  are  adaptible  for  mobile, 
portable,  man-pack,  and  airborne  requirements. 

B.  Fixed  Crossed  Spaced  Loop  Antenna 

The  8-loop  crossed  spaced  loop  antenna  has  conventionally  been 
applied  to  groundwave,  vertical  polarization  signals.  Through  appro¬ 
priate  digital  processing  techniques  multipolarization  response  can  be 
obtained.  A  multibay  fixed  crossed  spaced  loop  antenna  designed  for 
the  HF-VIIF  range  is  shown  in  Figure  7. 

DF  processing  can  be  performed  with  either  single  or  multi¬ 
channel  receiver  techniques  as  illustrated  in  Figure  8.  Single  channel 
receivers  are  used  with  goniometer  scanning  to  provide  the  familiar 
CRT  propeller  display.  The  phase  and  gain  matched  twin  channel 
receiver  provides  an  alternate  DF  processing  technique  generating  the 
bearing  ellipse.  Sense  information  is  normally  obtained  from  crossed 
simple  loops  located  symmetrically  with  the  fixed  spaced  loop  array. 

In  a  broadband  application,  the  upper  bay  spaced  loop  antennas  can  be 
connected  in  simple  loop  mode  to  provide  sense  for  the  lower  bay 
spaced  loop  array. 

The  fixed  crossed  spaced  loop  with  a  multichannel  receiver  is 
ideally  adaptable  to  digital  processing  techniques  including  both  DF 
and  sense  computation.  Digital  sense  logic  can  be  performed  without 
computer  computation  to  aid  in  a  manual  CRT  display  system  as  shown 
in  Figure  9. 


target  direct  ion  or  arrival 
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FIGURE  6.  TYPICAL  SKYWAVE  SPACED  LOOP  AND  SENSE  PAT1ERNS 
FOR  A  ROTATING  SPACED  LOOP  DIRECTION  FINDER 


FIGURE  7.  FIXED  CROSSED  SPACED  LOOP  ANTENNA  (HF-VHF) 
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FIGURE  9 „  DIGITAL  SENSE  DISPLAY 
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Fixed  Single  Spaced  Loop  Element 


The  fixed  single  spaced  loop  element  on  airborne  platforms 
provides  the  same  type  of  response  as  a  rotating  element  since  the 
platform  is  normally  moved  to  develop  the  antenna  pattern  for  the 
multipolarized  signal.  An  example  of  this  type  of  antenna  is  shown  in 
Figure  10. 


The  DF  processing  techniques  with  the  fixed  element  and 
relatively  slow  moving  platform  are  based  on  presentation  of  left, 
right  and  boresight  readouts.  Figure  11  shows  the  patterns  possible 
with  the  antenna  for  vertical  polarization  with  the  exception  of  Fig.  11(c) 
which  is  the  normal  sense  pattern  for  a  rotating  spaced  loop  with  CRT 
display.  The  CW  and  CCW  sense  patterns  are  equal  with  opposite 
slopes  at  the  position  of  the  spaced  loop  nulls  and  one  pattern  is  always 
larger  than  the  other  in  180°  sectoi.  While  the  patterns  of  Figure  11 
are  for  vertical  polarization,  the  condition  has  been  demonstrated  to 
hold  for  all  signal  polarizations. 


Readouts  in  the  basic  left-right  systems  include  meters, 
recorders,  and  oscilloscope  displays.  Sufficient  information  is 
available  to  resolve  the  forward  bearing  from  the  reciprocal  bearing. 
The  basic  output  of  this  left- right  system  can  easily  be  digitized. 


A  combination  of  the  basic  left- right  system  with  similar 
variation  of  the  sense  pattern  will  yield  a  technique  for  scanning  a  60 
sector  with  a  fixed  antenna. 


'  IV.  SENSITIVITY 

The  effective  height  of  the  spaced  antenna  in  meters  is  given  by 


where 


V=  volume  in  cubic  meters 
N=  number  of  turns  in  the  loops 
\  =  wave  length  in  meters 
p=  relative  permeability 


FIGURE  11.  TYPICAL  PATTERNS  FOR  VERTICAL  POLARIZATION 
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The  inherent  aperiodic  sensitivity  of  the  antenna  is  directly  proportional 
to  antenna  volume,  the  number  of  turns  and  the  permeability  of  the  core 
medium  and  is  inversely  proportional  to  the  frequency  squared. 

The  spaced  loop  antenna  element  is  readily  tuned  providing 
significantly  increased  sensitivity  compared  to  the  aperiodic  mode  for 
equivalent  antenna  size.  Additional  techniques  for  sensitivity  improve¬ 
ment  include  (1)  multiturn  antenna  elements,  (2)  ferrite  core  antennas, 
and  (3)  use  of  shunt  capacitors  across  the  electrostatic  shield  gaps  to 
provide  an  effective  increase  in  antenna  inductance.  These  techniques 
affect  the  intrinsic  antenna  sensitivity.  Not  treated  are  the  processing 
techniques  such  as  synchronous  and  correlation  detection  which  increase 
sensitivity  with  some  tradeoff  in  dynamic  range,  response  time  and 
system  bandwidth  response. 


Typical  CW  sensitivities  obtained  with  tuned  spaced  loop  antennas 
are  shown  in  the  sensitivity  curves  of  Figure  12.  Sensitivities  range 
from  15  pv/m  at  2  MHz  to  2  pv/m  at  40  MHz.  Receiver  bandwidth 
was  3  kHz  below  20  MHz  and  16  MHz  above  20  MHz. 

A  sensitivity  curve  for  an  untuned  (aperiodic)  fixed  crossed 
spaced  loop  antenna  is  also  shown  in  figure  12.  This  antenna  was 
designed  for  groundwave  vertically  polarized  intercept. 

V.  SIZES  AND  WEIGHTS 

The  weight  and  size  of  a  spaced  loop  direction  finder  is 
determined  primarily  by  (1)  sensitivity  and  bandwidth,  (2)  application 
(portable  or  fixed),  and  (3)  type  of  construction. 

Air  core  loops  are  normally  constructed  from  aluminum  tubing 
to  provide  an  integral  electrostatic  shield.  The  physical  size  of  the 
antenna  is  determined  by  the  loop  spacing  and  number  of  elements. 

Weight  is  nominally  established  by  the  application.  That  is,  an  HF 
man-pack  antenna  or  airborne  obviously  must  satisfy  commensurate 
size  and  weight  requirements  while  a  fixed  HF-VHF  shipboard  spaced 
loop  antenna  (See  Figure  7)  must  be  designed  to  withstand  severe  shock 
and  vibration  requirements  at  the  top  of  a  free  standing  mast  with 
significant  increases  in  weight. 

VI.  MULTIPATH  ERROR 

The  spaced  loop  direction  finder  provides  a  2  to  1  error  reduction 
compared  to  a  simple  loop  antenna  when  subjected  to  a  two-component 


(N+S 
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vertically  polarized  field.  In  addition,  the  simple  loop  antenna  has 
extensive  polarization  error  while  the  spaced  loop  is  polarization 
independent.  The  bearing  accuracy  of  a  typical  ground  based  rotating 
spaced  loop  direction  finder  for  skywave  signals  is  shown  in  Figure  13. 
The  bearing  error  histogram  is  developed  for  415  intercepts  and  shows  a 
3.23°  standard  deviation  about  a  -.68°  mean  error  over  the  2-10  MHz 
frequency  range. 

For  shipboard  applications  the  accuracy  of  the  spaced  loop 
direction  finder  is  measured  in  terms  of  the  quality  and  repeatability  of 
the  DF  calibration  curves  obtained.  DF  calibration  curves  to  be  usable 
over  360  must  be  single  valued  and  continuous.  In  addition,  the  general 
shape  of  the  calibration  curves  as  a  function  of  frequency  determine  the 
minimum  number  of  DF  calibration  curves  over  a  specified  oandwidth. 
Repeatability  of  shipboard  DF  calibration  curves  obtained  in  a  semi¬ 
automatic  continuous  mode  show  a  .1  2°  standard  deviation  as  shown  in 
Figure  14. 


VH.  POLARIZATION  ERRORS 

Figure  15  shows  the  bearing  error  histogram  obtained  for  245  DF 
cuts  on  horizontally  polarized  skywave  signals.  Note  that  the  standard 
deviation  of  2.8°  about  a  mean  error  of  +.4°  agrees  closely  with  the 
previously  shown  mixed  polarization  data  (Figure  13). 

VIII.  DYNAMIC  RANGE  AND  SIGNAL  FIDELITY 

The  dynamic  range  of  the  spaced  loop  direction  finder  is 
primarily  determined  by  (1)  inherent  antenna  sensitivity,  (2)  dynamic 
range  of  the  active  terminating  network,  and  (3)  circuit  components  in 
antenna  switch  assemblies. 

For  example,  a  typical  tuned  airborne  HF  spaced  loop  antenna 
with  an  inherent  10  dB  signal-to-noise  ratio  sensitivity  of  40  pv/m  at 
4  MHz  requires  3  pv/m  incident  upon  the  antenna  to  produce  a  1  dB 
compression  in  the  output  signals.  This  represents  a  100  dB  dynamic 
range.  With  the  improved  state-of-the-art  capabilities  of  FET  circuits 
and  off-the-shelf  commercial  amplifiers,  spaced  loop  antennas  both 
tuned  and  aperiodic  can  be  operated  linearly  in  field  strengths  of  the 
order  of  10  v/m.  In  additior,  incident  signals  of  100  v/m  or  more 
can  be  sustained  without,  permanent  active  circuit  damage. 


FIGURE  13.  HISTOGRAM  FOR  ALL  OBSERVED  BEARINGS 


ORIGINAL  DATA  =  245  SAMPLE  SIZE  =  242 

NO  IDENTIFICATION  =  0  STANDARD  DEVIATION 

THROW  OUT  =  3  MEAN  ERROR  =  +0.4 


FIGURE  15.  HISTOGRAM  OF  HORIZONTAL  POLARIZATION  BEARINGS  FOR 

A  ROTATING  SPACED  LOOP 
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Spaced  loop  antennas  typically  have  a  dynamic  range  20  dB 
greater  than  the  tuned  dynamic  range  outside  the  tuned  frequency 
region.  Intermodulation  and  spurious  response  performance  is 
deiermincd  by  the  susceptibility  of  the  antenna  preamplifiers  and  the 
antenna  terminal  voltage.  For  example  an  untuned  crossed  spaced 
loop  antenna  at  2.00  MHz  has  a  130  dB  dynamic  range  using  state-of- 
the-art  commercial  preamplifiers. 

IX.  RESPONSE  TIMES 

The  response  time  of  the  spaced  loop  antenna  is  determined 
to  a  large  extent  by  the  basic  antenna  configuration.  Rotating  spaced 
loop  antennas  for  example  have  a  minimum  response  time  of  1/2  the 
rotation  rate  or  1/2  the  period  of  rotation.  Typical  rotation  rates 
for  previously  developed  rotating  spaced  loop  antennas  are  in  the 
order  of  30  to  1200  rpm,  thereby  providing  response  time  on  the 
order  of  1000  to  25  ms.  Conversely,  the  8-loop  cross  spaced  loop 
antenna  has  response  times  limited  primarily  by  the  receiver  band¬ 
width.  Therefore,  response  time  of  the  crossed  fixed  spaced  loop 
antenna  using  solid  state  switching  circuits  and  including  digital  DF 
and  sense  processing  is  in  the  order  of  1  to  5  milliseconds.  Alter¬ 
natively,  fixed  crossed  spaced  loop  antennas  utilizing  reed  relay 
switching  circuits  would  typically  have  DF  and  sense  digital  response 
times  in  the  order  of  50  milliseconds. 

X.  SUMMARY 


The  coaxial  spaced  loop  antenna  has  significant  advantages 
for  local  site  wave  interference  error.  In  addition,  it  is  the  smallest 
polarization  error  free  antenna  for  HF  and  low  VTIF.  Sensitivities 
are  good  when  the  small  size  is  considered.  Significant  improvements 
in  the  spaced  loop  intrinsic  sensitivity  can  be  obtained  where  require¬ 
ments  exist.  The  spaced  loop  configuration  should  be  chosen  in  terms 
of  the  compatibility  with  the  DF  processing  system  ba,ed  on  the  DF 
requirements. 
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ABSTRACT 


Using  receivers  matched  for  gain  and  phase,  and  a  vertically 
disposed  array  of  two  element,  Wilkins  and  Minnis  have  shown  that 
the  vertical  angle  of  arrival  of  horizontally  polarized  HF  radio  waves 
can  be  measured.  In  this  paper  it  is  shown  that  matched  receivers 
used  with  an  array  of  three  elements,  or  of  multiple  elements  combined 
into  three  groups,  permit  measurement  whatever  the  polarization. 

The  arrival  angles  of  double  or  triple  mode  signals  are 
derived  from  Lissajous  figures. 

Some  results  computed  from  observations  of  signals  in  a 
horizontally  polarized  array  are  shown. 


INTRODUCTION 


A.  D.  Bailey  pointed  out  ’  that  if  elevation  angle,  in  addition 

to  azimuth,  was  measured,  the  application  of  ray- retracing  techniques 

would  allow  the  position  of  a  radio  transmitter  to  be  found.  He  was 

funded  by  the  U.ii.  Army  to  demonstrate  this,  using  the  direction 

finding  facilities  at  the  University  of  Illinois,  and  the  successful  results 
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were  reported  to  the  Army  in  1964.  Bailey  used,  and  extended,  the 

4 

techniques  that  were  developed  by  Ross,  Bramley  and  Ashwell  in 

Britain.  These  were  based^on  matched  receiver  principles  introduced 
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by  Watson-Watt  and  Herd  in  1926  and  developed  by  the  British  Admiralty 
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and  the  University  of  Illinois  .  Treharne  ,  in  Australia  had  the  same 
idea  of  single  station  position  finding  and  introduced  the  principle  of 
calibrating  the  ionosphere  by  observing  the  elevation  angle  of  arrival 
of  waves  from  a  known  transmitter  in  the  target  area. 

•  All  these  studies  employed  horizontal  arrays  which  were  correct 
for  the  short  ranges  involved  but  now,  to  perform  the  same  function  at 
greater  ranges,  lower  elevation  angle  coverage  is  required  and  there  is  no 
alternative  to  the  extension  of  the  DF  array  into  the  vertical  plane. 

The  fading  reduction  that  results  from  selecting  a 
single  mode  by  means  of  vertical  directivity  or,  at  least, ..by 
rejecting  a  major  interferring  mode  by  generating  a  null  in  the 
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vertical  response,  has  been  known  for  36  years^’  *  *but  radiolocation  circles 
have  failed  to  take  advantage  of  the  corresponding  increase  in  bearing  stability 
and  have  gone  to  extremely  complex  processes  to  extract  the  wanted  answer 
from  the  phase  front  that  is  the  resultant  of  all  possible  modes.  Indeed,  care 
has  been  taken  to  ensure  that  DF  systems  respond  to  all  modes  so  that  none 
shall  be  missed,  With  the  new  interest  in  measurement  of  low  elevation  angles, 
the  possibility  exists  to  derive  azimuth,  with  much  simpler  systems  and 
greater  precision,  by  using  arrays  extending  in  both  the  vertical  and  horizontal 
planes  and  favoring  a  wanted  mode  by  vertical  directivity. 

The  practical  limitations  in  vertical  aperture  limit  the  perfection  of 
mode  selection  by  beam  steering  and  a  major  difficulty  remains  in  the  inter¬ 
ference  between  modes  in  signals  that  are  not  suited  to  time  gating.  In  this 
paper  it  is  shown  that  this  interference  results,  in  time,  in  a  Lissajous  figure 
in  which  the  sides  contain  the  necessary  information  of  the  elevation  angles 
and  relative  magnitudes  of  all  modes  within  the  beamwidth  and  it  is  argued 
that  matched  receiver  techniques  are  the  proper  approach  to  the  measurement 
of  these  properties.  The  corresponding  application  of  these  techniques  to  the 
measurement  of  azimuth,  and  the  techniques  of  ray- retracing,  are  considered 
to  be  well  known  and  so  the  paper  deals  mainly  with  the  measurement  of  elevation 
angles. 

Practical  HF  systems  should  cover  at  least  three  octaves,  from 
4-32  Mc/s  or,  ideally,  four  octaves  covering  2-32  Mc/s,  yet  typical  elevation 
direction  finders  cover  one  octave  defined  by  the  lowest  frequency  at  which 
adequate  angular  discrimination  is  available,  to  the  high  frequency  at  which 
ambiguous  solutions  of  the  display  equation  cannot  be  resolved.  It  has  been 
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shown^O  that  a  preferred  system  of  3x2  vertically  disposed  elements  can 
cover  N  octaves  and  that  corresponding  frequencies  in  each  octave  have  the 
same  calibration  (Display  angle  as  a  function  of  elevation  angle).  In  the  pro¬ 
posed  system  the  display  angle  is  independent  of  polarization  of  the  wave. 

Since  very  little  information  is  available  on  the  subject  of  the  distribution 
of  noise  power  in  the  vertical  plane,  this  paper  attempts  a  forecast  of  its 
character  and  influence  upon  a  proposed  , elevation  direction  finder. 

PART  1.  THE  ANTENNA 

Elevation  Direction  Finding  Systems  Using  Vertical  Arrays 

For  many  years  ^the  two  element  system  of  elevation 

direction  finding  that  was  introduced  by  Wilkins  and  Minnis  before  World  War 
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II  and  reported  in  1956  has  been  a  standard  when  lower  elevation  angles  were 
to  be  measured.  (Down  to  1°  in  references  13,  14,  16). 

This  system  is  polarization  sensitive  and  any  response  to  vertically 
polarized  waves  will  introduce  an  error.  The  upper  frequency  limit  is  deter¬ 
mined  by  ambiguities  in  the  display  equation  solution  that  depend  upon  the 

height  of  the  lower  element.  The  height  of  the  upper  element  has  an  influence 
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upon  the  low  frequency  limit  and  upon  the  display  calibration. 

In  this  paper  we  propose  an  alternative  system  that  employs  three 
elements  and  the  following  analysis  is  intended  to  show  that  the  display  calibra¬ 
tion  is  independent  of  mean  height  although  mean  height  and  spacing  of  elements 
^till  control  directivity.  It  will  also  be  shown  that  the  display  is  the  same 
for  vertical  or  horizontal  polarization,  providing  that  the  ground  plane  is  idealj 
and  it  is  therefore  useful  on  any  polarization,  including  circular,  even  though 
there  will  be  a  90°  phase  differe  nee  be  twee  n  the  responses  to  the  two  polarizations. 
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The  Three -Element  Elevation  Direction  Finder 


For  horizontal  polarization 
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Similarly,  for  vertical  polarization 
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Th^  Resulting  display  angles  are  identical  for  each  polarization  and,  consequently, 
mixtures  of  the  two  can  be  tolerated  and  so  the  directions  of  ordinary  and  extra¬ 
ordinary  components  of  an  ionospherically  propagated  wave  can  be  seen  separately 


by  employing  circularly  polarized  antennas  of  the  correct  sense.  This 
capability  removes  the  fading  that  rotation  of  polarization  causes  in 
antennas  that  respond  to  a  single  polarization. 


Wave  Range  of  Three  Element  Array 

The  proposed  display,  Figure  1,  becomes  ambiguous  in  A  when 
—  >  1  and  this  sets  a  high  frequency  limit  that  can  only  be  ignored  when  the 

A 

ambiguity  can  be  resolved  by  other  information.  (When  a  low  elevation  angle 
is  ooserved  using  the  dimensions  ol  Figure  1,  it  can  be  read  to  greater  precision, 

J 

Figure  2,  if  —  is  increased,  yet  there  should  be  no  confusion  of  the  ambiguous 
A 

solutions).  The  low  frequency  limit  is  reached  when  the  change  of  display  angle 
is  much  less  than  the  change  of  elevation  angle  and  this  occurs  at  important 
elevation  angles  when  ^  <0.  5  so  that,  as  with  other  systems,  the  normal  un¬ 
ambiguous  working  range  is  of  the  order  of  one  octave.  In  addition,  wave  -  range 
is  a  function  of  sensitivity  and  this,  for  a  given  elevation  angle  and  fre¬ 
quency,  is  determined  by  mean  height  and  spacing  of  the  elements. 

If  polarization  versatility  is  to  be  provided  by  the  use  of  composite 
elements  such  as  crossed  dipoles  or  crossed  loops,  and  if  all  responses  are 
to  be  within  a  few  db  of  the  maximum,  the  sine  and  cosine  height  functions  of 


the  two  polarizations  require  the  mean  height  to  be 


NX 


(N  is  odd)  where 


8  SinA 

the  two  responses  are  equal  but  3  db  below  their  respective  maxima.  When 

\  X 


N  =  1,  the  wave  range  is  from 


to 


1.  555:1 


6.  58  Sin  A.  10.  23  Sin  A 

where  the  two  responses  are  within  3  db  of  each  other.  (When  N  =  3  the  wave 

range  will  be  1.  157:1  and  it  will  decrease  rapidly  as  N  is  increased.  ) 

On  the  other  hand,  if  the  whole  system  could  be  moved  up  or  down 

continuously,  or  in  small  enough  steps,  the  ratio  of  the  responses,  and  the  gain, 

could  be  keptconstant.  In  this  case  it  would  be  more  ideal  if  the  vertical  and 
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horizontal  elements  alternated  in  height  and  were  spaced 


(In 


4  Sin  A, 

practice,  the  elements  would  be  identical  but  switched  in  polarization  as  re¬ 


quired.) 


When  a  single  polarization  system  is  required,  the  response  to  hori¬ 


zontal  polarization  can  be  within  3  db  of  the  optimum  over  the  3:1  height  range 


X 

8  Sin  A 


l-  Optimum)  to 


3  X 


4  Sin  A  '  8  Sin  A 

range  for  vertical  polarization  would  be  1.67:1  or 

5  X 


.  The  corresponding  height 

3  X  X 


via- 


(=  optimum)  to 


gain. 


8  Sin  A 


8  Sin  A  2  Sin  a 
Optimum  spacing  is  discussed  under  the  heading  of 


Gain  of  Three  Element  EDF 


The  magnitude  of  the  response  of  a  three  element  EDF  is 

Vv  +  <vL  +  v3)2 

When  simple  horizontal  loops  are  employed,  this  equals 


2jEi  cos  A  sin  sin  A )  /TT  4  cos2(t/~^-  sin  /.  ) 

X  X 

and  is  a  maximum  when  — —  and  — are  optimum. 

X  X 

— —  is  optimum  when  sin  (2^  — ™  sin  A)  ~  1 

h  X 


2  IT 


sin  A  = 


M 


rr 


M  is  odd, 


M 


4  sin  A 


Those  heights  are  plotted  in  Figure  3. 
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_ is  optimum  when 

X  \ 

This  occurs  when 


1  +  4  cos p  (u  sin  A  )  is  a  maximum. 

X 


„  i-  sin  A  =  N  TT 

X 

d  _  N 
X  sin  A 


N  is  any  integer, 


This  is  plotted  in  Figure  4. 


When  these  two  dimensions  are  optimum,  the  voltage  gain,  including 

the  image  in  the  ground  is  2  VT"".  Since  the  voltage  gain  is  the  ratio  cf  the 

antenna  response  in  free  space  to  its  response  near  the  ground,  involving  an 

(2  V  5 — ]Z 

impedance  ratio  of  2,  the  maximum  power  gain  is  — - — — 1 —  =  10  =  10  db. 

With  the  worst  value  of  —  the  gain  is  only  3  db. 

A 

The  first  derivatives  of  the  display  calibration  (Figures  1  and  2) 
maximize  at  certain  combinations  of  —  and  A  and  it  would  be  ideal  if  the  gain 

X 

maximized  at  the  same  combinations.  It  can  be  shown  that 

— i —  tan-*  —  sec  (IT  —  sin  A)  is  a  maximum  when  —  =  - — -  ,  where 

d  A  2  X  X  2  sin  A 

L  is  odd.  This,  also,  is  plotted  in  figure  4  and  it  will  be  seen  that  the 
spacing  requirements  for  optimum  scale  shape  and  optimum  gain  are  incom¬ 
patible.  Intermediate  spacings  must  be  chosen  if  only  three  elements  are  em- 

/ 

ployed  but,  with  a  filled  array,  the  ideal  can  be  approached.  Figure  3  shows  ver¬ 
tical  polar  patterns  of  three  element  systems  with  dimensions  that  optimize 
(a)  sensitivity  at  a  chosen  angle  of  14.  58°,  (b)  best  angular  discrimination  at 
14.  58°,  and  (c)  a  compromise.  (14.  58°  was  chosen  only  because 
tan  14.  58°  =  1/4). 


•  r  *-». 


Figure  1.  Three  Element  EDF 

Display  calibration  in  unambig¬ 
uous  range. 


E LEVA  T ION  AX G LE 


Figure  Z.  Three  Fitment  EDF 
Increased  display  discrimination 
available  when  ambiguous 
responses  tan  bo  tolerated. 

.  0 


ELEYA7  I  OX  AXGLb 


DEGREES 
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Figure  3. 


Optimum  lr.ean  heights  of  a  horizontally  polarized 
For  vertically  polarized  systems,  the  intermediate 


three  element  EDF. 
heights  are  optimum 
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For  Optimum  Angular  Discrimination 

- -  -For  Optimum  Gain 

Best  Compromise 
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Figure  4.  Optimum  Element  Spacings  for  Three  Element  EDF. 
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i- luurc*  5.  Vertical  Polar  Diagrams  of  Three  Element  EDF  at  optimum 
height  fo  r  1  -18° 

(a)  Elerr  eats  spaced  for  best  sensitivity  Voltage  gain  =  2V^  5  '  cos  A 

(b)  Elements  spaced  for.  best  angular  discrimination 
Voltage  gain  =  i  cos  A 


Vertical  Polar  Diagram  of  Three  Element  EDF  at  optimum 
height  for  14.  48°. 

Elements  spaced  for  compromise  between  best  gain  and  best 
angular  disc rimination.  Voltage  gain  =  3.  65  cos  A 


Extended  Wave:  Range  of  a  Filled  Array 


As  a  consequence  of  independence  of  the  display  upon  height,  an 
array  cf  vertically  spaced  elements  can  be  employed  as  a  filled  array.  It 
has  been  shown^  that  3  x  ?. ^  *  equally  spaced  elements  combined  into  three 

groups  (using  all  the  elements)  can  cover  N  octaves  ranging  from 

A  MIN  .  ,  ..  .  ,  .  .  ,  Ai  MAX  , 

- - -  =  snann<r  of  the  first  and  third  elements  to  — : - 7 —  ,  where  the 

tmm  ^>xll  LA 

spacing  between  the  upper  and  lower  group  centers  is  ~  1 

The  mean  height  is  the  same  for  all  these  combinations  and  so 

the  group  of  12  antennas  required  to  cover  4-32  Me/ s,  Figure  6,  should 

have  optimum  height  (Horizontal  Polarization,  Figure  3)  at  2.6°  (32  Mc/s), 

5.  25°  ( 16  Me/ s),  10.  5°  (8  Me/ s),  21 . 5°  (4  Mc/s),  but  the  maxima  are  shifted 

slightly  (Figure  8)  by  the  combined  effects  of  element  pattern  and  spacing. 

Twenty-four  elements  with  the  same  spacing,  on  a  500  foot  tower,  could 

cover  2-32  Mc/s  and  there  would  be  a  choice  of  optimum  gain  angles  to  be 

either  the  sam  >  as,  or  half,  the  above  values. 

This  spacing  is  insufficient  for  wideband  circularly  polarized 

elements  but  th  rc  is  plenty  of  room  for  horizontal  log  periodic  dipoles  or 

for  horizontal  or  crossed  loops  to  be  used.  The  horizontal  loop  arrange- 

VI2 

ments  is  omnidirectional.  * 


T 


0.  5  AM  ax* 


250' 

=  76. 2rn 


I  b 

Min 


Min 


I -—"(for 


uniform  impedance). 

Li _ L 


h  =  50.  4m 


Jr. 


Figure  6.  12-Element  Elevation  Direction  Finder  for  4-32  Mc/s 
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Gain  of  12  Element  EDF 


The  magnitude  of  the  response  of  a  12  element  EDF  is^  in  the 

/ - - - - 

lowest  octave,  y'  (V j  f  v12  +  v2  +  V„  +  V3  +  V10  +  V4  +  V,)‘  +  (V5+V8+V6tV7) 

This,  with  simple  horizontal  loops  equals 

2j  Ei  cos  A  sin  (27 7  —  sin  A)  (cos  3p  +  cos  )  J 1  +  4  cos^  8  O  where 

<P=  IT  —  sill  A 
X 

In  the  middle  octave,  the  magnitude  is 

,/(v1+v12+v2+v11+v5+v8+v6+v7);!  +  (V3tV10+V4tV,)2  ~ 

-  2j  Ei  cos  A  sin  (2  7T  —  sin  A)  (cos  7  <p+  cos  8  cp )  J 144  cos^  4  (0 

X 

In  the  highest  octave,  the  magnitude  is 
7(YltV12tV3tV104-V4tV9tV6tV7)2  +  (Y2^v11tv5ty8)2 
=  2j  Ei  cos  A  sin  (2  IT  —  sin  A)  (cos  9  0+  cos  3  0)  J~liA  cos22  <p 

X 


Thedependence  on  height  is  the  same  as  in  Figure  3  but  the  dependence 
upon  —  is  more  complicated  and  is  illustrated  in  Figure  7.  The  scale  shapes  are 

X  ^ 

those  of  Figures  1  and  2  except  that  the  effective  spacing  is  K  —  where  K  =  8 

X 

in  the  lowest  octave,  4  in  the  middle  and  2  in  the  highest  octave. 

Figures  8(a),  (b),  and  (c)  show  vertical  polar  patterns  of  a  12  element 
EDF  at  the  low  and  high  ends  of  each  octave.  The  voltage  scale  has  been 
reduced  by  a  factor  2  and  the  maximum  voltage  gain  is  4^5.  The  maximum 
power  gain  is  16  db  when  impedance  is  taken  into  account.  This  is  6  db  more 
than  the  equivalent  3  element  system. 


Steerable  Nulls: 

There  will  be  nulls  in  the  3  or  12  element  system  responses  to  a 
signal  component  at  a  particular  height,  wavelength  and  elevation  angle. 

VT 

Zero  will  occur  when  —  =  - - - for  horizontal  polarization. 

X  2  Sin  A 
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(N  =  any  integer).  For  vertical  polarization  the  nulls  occur  when 
h  ivl 

_  =  -  (M  =  any  odd  integer.  )  A  circularly  polarized  system  will  only 

X  4  Sin  A 

have  nulls  when  the  wave  is  not  circularly  polarized  or  when  the  wrong  sense 
is  selected.  In  a  system  that  has  choice  of  polarization  and  mean  height,  the 
response  to  an  unwanted  mode  of  a  2  mode  case  can  be  greatly  reduced  by 
selecting  a  single  polarization  and  the  correct  mean  system  height.  In  the 
proposod  three  or  twelve  element  systems,  because  the  display  equation  is 
independent  of  height,  the  angular  information  will  be  unaffected  by  this 
action;  only  the  r dative  magnitudes  will  change,  one  going  to  zero. 
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1 6  Me/ s 
*  k  *  \  I  V 


32  Mc/s 


Figure  8.  12  Element  EDF  ns  in  Figure  6.  Vertical 

Polar  Patterns.  Vcmage  gain  scale  0-1U. 
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PART  II  THE  RECEIVER 


The  instantaneous  direction  finding  system  introduced  by  Wntson- 
5 

Walt  and  Herd  (1926)  was  a  natural  marriage  of  the  sine  and  cosine  directional 

patterns  of  crossed  spaced  antenna  systems,  and  the  sine  and  cosine  input 

requirements  of  an  XY  cathode  ray  tube.  With  this  system,  assuming  sufficient 

field  strength  and  some  frequency  selection,  the  direction  of  arrival  of  a  wave 

relative  to  the  reference  antenna  base  line  would  be  indicated  directly  on  the  tube, 

relative  to  the  corresponding  deflection  system,  with  bandwidth  and  phosphor 

response  the  only  time  limitations.  The  field  inside  the  deflection  system,  in 

fact,  would  be  an  exact  replica  of  the  field  around  the  antenna  and  the  display 

for  a  single  plane  wave  would  be  a  straight  line  of  direction  tan"*  —n--~  , 

Cos  0 

where  p  is  the  azimuth:  the  length  of  the  trace  would  be  directly  proportional  lo  the 
field  strength.  The  180°  ambiguity  of  this  display  can  be  resolved  by  deriving 
a  non  directional  reference  (S  for  sense)  either  from  sin  0  +  j  cos  0  or  from 
a  separate,  non-directional,  antenna.  In  either  case,  the  phase  of  S  must  be 
adjusted  to  equal  the  phase  at  the  center  of  the  DF  system  for  the  preferred 
direction  so  that  it  will  be  of  opposite  phase  in  the  reciprocal  direction. 

Then  the  reference  signal  can  be  used  to  brighten  or  black  out  one  end  of  the 
CRT  trace  by  grid  modulation.  Such  a  system  is  ideal  for  the  observation  of 
direction  and  relative  amplitudes  of  short-time  signals  such  as  pulses  but  it 
requires  the  X,  Y  and  S  components  of  the  signal  to  be  amplified  without  change 
of  relative  amplitude  or  phase.  This  is  the  matched  receiver  requirement 


21 


which  is  particularly  difficult  to  meet  when  narrow  bandwidths  or  rapid 
changes  of  signal  strength  are  involved. 


Note: 

The  design  of  such  receivers  is  a  very  specialized  subject 
that  was  given  impetus  by  the  urgent  need  to  locate  U-Boats 
in  World  War  TI  or,  at  least,  to  make  them  so  afraid  of 
using  radio  that  their  efficiency  was  impaired.  The  Germans 
reacted  by  shortening  their  signals  and,  at  the  end  of  the  war, 
were  almost  ready  to  introduce  a  system  in  which  a  U-Boat 
message  was  compressed  into  one  third  of  a  second.  For¬ 
tunately  their  test  signals  were  intercepted  and  a  network 

6 

of  matched  receiver  systems,  capable  of  being  triggered 
by  the  U-Boat  signals  and  of  storing  the  direction,  was  in¬ 
stalled  and  waiting  in  England.  This  system  relied  on  the 
pre-knowledge  of  the  U-Boat  frequencies,  which  we  had  ac¬ 
quired,  but  which  could  have  been  changed,  and  it  lacked  an 
effective  automatic  gain  control  and  so  was  liable  to  miss  a  signal 
by  the  gain  being  pre-set  at  too  high  or  too  low  a  level. 

It  was  not  until  1953  that  a  suitable  AC-C  system  for  matched  receivers 
was  invented  (by  T.  R.  O'Meara7 in  the  University  of  Illinois).  O'Meara 
attempted  to  match  the  conversion  efficiency  of  tyoical  mixer  tubes  over 
a  wide  range  of  local  oscillator  voltage  but  his  system  required  tube 

selection  and  was  burdened  by  the  high  effective  noise  resistance 
of  low  GM  multi-element  tubes.  Anyone  attempting  to  apply  his  method,  and 

to  have  a  good  noise  figure,  had  to  employ  a  lot  of  R.F  gain.  The  dynamic 


rang"  was  thereby  reduced  (because  it  extends  only  from  the  lowest  signal  at 
which  acceptable  signal  to  noise  ratio  exists  to  the  signal  level  at  which  the 
conversion  conductance  departs  from  a  constant.  ) 

Guided  by  knowledge  of  O'Meara's  approach,  the  author  introduced 
an  alternative  that  proved  to  be  a  complete  solution  of  this  problem.  This  was 
incorporated  in  a  triple  channel  receiver  made  by  Intercept  Research  Incor¬ 
porated  (Model  IR-3).  *  The  IR  3  System  uses  low  noise  square  law  mixers  and 
21.  2c 

is  as  follows: 

Let  the  signal  voltage  be  Es  cos  usst 
and  the  oscillator  voltage  be  EQ  cos  (  <^Q  t  f  6) 
then  the  input  e  =  Eg  cos  ^  t  +  EQ  cos  (  WQt  +  Q) 

and  the  output  e^=  ^~S  ■■  +  cos  2  dlgt  +  — Q—  f  cos  2(wQt  H  0)  • 

2  2  2  2  _ 

+  ESE0  cos  L(  +  Ws)t  +  6j|+  EsEq  cos  [(tOQ  -  C0j)t  -  0.1 
If  the  last  term  is  selected  by  the  receiver  IF  filter,  it  is  obvious  that  the  out¬ 
put  is  directly  proportional  to  the  magnitude  (and  phase)  of  the  local  oscillator 
voltage  so  long  as  the  law  applies.  Thus,  any  number  of  receiver  charnels  can 
be  controlled  for  gain  by  controlling  the  common  local  oscillator  voltage. 
Inequalities  of  conversion  conductances  of  the  mixers  are  a  constant  factor  and 
are  corrected  by  a  constant  ratio  introduced  in  the  relative  gains. 

By  using  very  low  noise  triodes  in  a  balanced  mixer  circuit  the 
harmonic  output  was  greatly  reduced  and  the  need  for  high  RF  gain  was  avoided. 
The  dynamic  range  of  this  circuit  can  be  extended  until  the  noise  cannot  be 
further  reduced  or  until  the  stray  coupling  of  local  oscillator  voltage  becomes 
comparable  with  the  very  low  level  of  intended  feed.  70  db  control  with  no 
measurable  difference  between  two  channels  was  easily  attained  in  a  system  in 
which  0.  01  db  gain  difference  could  be  detected.  The  extension  to  100  db  range 
was  a  matter  of  attention  to  detail. 

^Details  of  the  circuits  aic  proprietary  since  the  receiver  was  developed  en¬ 
tirely  on  private  capital. 
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The  availability  of  this  AGC  circuit  permitted  the  use  of  linear  ampli¬ 
fiers  in  all  other  stages  and  intermodulation  was  limited  to  the  natural  effects 
of  a  square  law  mixer.  Most  of  the  common  causes  of  intermodulation  were 
removed  by  RF  selectivity  and,  in  principle,  when  the  receiver  forms  part 
of  a  radar  system,  the  clut'  :  will  set  the  gain  level  so  that  the  display 
~y~tum  :.wl  eve  •."loaded,  while  the  cchoe..  remain  at  their  correct  relative 
level.  There  should  be  no  confusion  with  intermodulation  products  because 


they  are  of  even  lower  level. 


The  fact  that  only  one  set  of  time  constants  are  involved  in  the  AGC 

permits  the  use  of  very  high  loop  gain  before  the  instability  level  is  reached. 

This  results  in  extremely  constant  output  in  spite  of  very  large  changes  in 

23 

signal  level,  as  shown  in  Figure  9. 


The  IR-3  also  benefitted  from  studies  of  matched  multi-pole  filters 

24 

carried  out  by  R.  F.  Donnelly  at  the  University  of  Illinois.  Since  Intercept 

Research,  Inc.  were  interested  in  displaying  pulses,  special  care  was  taker  lo 

develop  multi-pole  filters  similar  to  Donnelly's  but  with  maximally  uniform 

phase  change  between  the  6  db  limits  of  the  passband.  The  filter  character- 

23 

istics  are  shown  in  Figure  10  and  it  was  possible  to  detune  to  the  50  db  points 
before  differences  between  pairs  of  filters  could  be  detected. 


Such  a  receiver,  fitted  with  a  cathode  ray  tube  with  persistent 
screen,  is  ideal  for  use  in  the  present  application,  especially  when  mode 
interference  is  experienced , and  the  rest  of  this  report  assumes  its  use. 


Figure  9  1R-3  Receive 
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Multiple  Mode  Perlormanec  of  Instantaneous  Elevation  Direction  Finders. 


When  the  signal  consists  of  short  enough  pulses,  the  two  or  three 
element  EDF  systems  indicate  each  ionospherically  propagated  mode  separately. 
However,  when  the  pulses  overlap,  or  if  the  signal  is  CW,  the  mutual  insta¬ 
bilities  c>f  the  signal  paths  cause  the  resultants  of  the  X  and  Y  inputs  to  vary, 
in  direction  and  magnitude,  with  time.  If  the  fading  rate  in  each  mode  is 

slow  compared  to  - ,  where  fc|  is  the  Doppler  difference  between  the  mode 

frequencies,  the  tips  of  the  trace  in  an  XY  scope  will  lie  on  the  envelope  of 
a  Lissajous  figure,  Figure  11.  If  the  XY  scope  lias  a  persistent  screen,  and 
the  signal  to  noise  ratio  is  adequate,  the  Lissajous  figure  can  be  observed 
directly  and  the  direction  and  relative  magnitudes  of  up  to  two  major  modes  can 
be  read.  When  there  arc  more  than  two  major  modes,  height  selection  can  place 
a  null  on  one  mode  so  that  observations  can  be  made  in  the  presence  of  three 

v 

major  modes.  If  there  are  more  modes  of  comparable  strength  the  system  is 
no  longer  capable  of  direct  reading  and  a  computer  display  must  be  substituted. 
This  is  discussed  under  the  heading  of  signal  to  noise  performance. 


Figure  11.  Lissajous  Figure  Ronihinc 
from  Interference  It  '  een 
Two  CW  Modes  in  ft  Jhrec 
Element  I.  E.  D.  F. 


vNotc:  This  rejection  of  a  mode  is  employed,  within  the  limits  of  the  two 
element  system,  by  Getliing  et  al.  ^  but  it  is  of  special  value  when  the  three 
element  system  is  employed,  because  the  display  angles  arc  independent  of 
height. 
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Derivation  of  Lissnjous  Figure.  Two  Mode s . 

Assuming  three  antenna  elements,  as  before,  at  heights  h  -  , 

h  and  h  4  -j-  and  two  modes  at  angles  and  and  frequencies  tCi  and  , 
the  voltage  at  cacli  antenna  would  be  Yx,  V?  ,  and  Va  . 


Vx  =  Sin  (2  77  — - Sin  £  x )  Sin  tOj  t  +  A  Sin  (2 

A 

V2  =  Sin  (2  try  Sin  A1)  Sin  to*  t  +  A  Sin  (2  77  rp- 
A  A 


Sin  £P  )  Sin  ct'p  (t  +  6  t) 


Sin  AP)  Sin  te3  (t  +  6  t) 


h  +  -2- 

V3  =  Sin  (2  Jr  - -  Sin  £ 1 )  Sin  to  a 


6t  =  constant  A  =  another  constant 


Let  2  77  ^  Sin  Ai  =  L  77  -  Sin  Ai  =  P  tOx  t  =  R 

2  77  £  Sin  Aa  =  M  77  £  Sin  £2  =  Q  Wa  (t  +  6t)  =  S 

then  Vj  =  Sin  (L  -  P)  Sin  R+  A  Sin  (M  -  Q)  Sin  S 

V2  =  Sin  L  Sin  R  +  A  Sin  M  Sin  S 
V3  =  Sin(L  +  P)  S;ti  R  +  A  Sin  (M  ■+  Q)  Sin  S 


Taking  the  first  terms  of  V1  and  V3  for  example, 

Sin  (L  +_  P)  Sin  11=  Sin  LCos  P  Sin  R+  Cos  LSin  P  Sin  R 


so,  taking  both  terms,  Vj 
In  this  system  we  display 


+  V3  =  2  Sin  L 

-Va— 

Vx  ^  V3 


Cos 


P  Sin  R  +  2A  Sin  M  Cos  Q  Sin  S 


Sin  L  Sin  R  I  A  Sin  MSinS 
2  Sin  L  Cos  P  Sin  R  +  2  A  Sin  M  Cos  Q  Sin  S 


_ l 

2  cos  P  + 


2  A  Sin  M  Cos  Q  Sin  S 
Sin  LliinR 


+ 


1 


2  cos  Q  + 


2  Sin  L  Gis  P  Sin  R 
A  Sin  M  Sin  S 
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sinR  and  sin  S  are  functions  of  time  and  second  terms  in  the  denominators 


become  0  orcc  as  sin  R  or  sin  S  =  0.  If  the  condition  sin  R  =  0  was  maintained 


the  display  would  be  a  straight  line  of  direction  tan' 
practice  the  display  is  a  spot  at  the  position 


v  but  i  n 


J  Yl  +  (V,  +  V3)2  cos  (P!  x  =  /  V2  +  (V,  +  V3)s  sin  0 


pj  =  tan 


cos  cF~ 


Similarly,  when  sin  S  =  0,  the  spot  has  a  position  -Y  =V  V|  +  (Va  +  V.,)  cos  p 


X  =  v  V2  +  (V,  +  V3)  sin  (pE  where  =  tan 


2  cos  P 


This  happens  twice  per  cycle  of  to  i  and  of  co2.  At  other  times  the  spot  takes 
up  a  position  that  is  the  resultant  of  both  terms  and  the  locus  of  the  spot  is 
a  Lissajous  figure. 

Further,  the  magnitude  of  the  first  term  goes  to  zero  when  sin  L-=  0  and  the 
second  term  goes  to  zero  when  sin  M=  0 

sin  Land  sin  Marc  of  the  form  sin  (2  77  -  sin  £  )  and  equal  zero  when 

A 

2it  — j-  sin  £  =  (n- 1 )  IT 

1.  .  ■&.-■>  X 

2  sin  A 

So  there  arc  heights  at  which  the  first  or  second  terms  can  be  observed 

alone  for  all  times  at  which  Xand  A  are  constant.  Tins  is  illustrated  in  Figure  1  2(a 

whi  ch  shows  the  field  above  a  groundplane  at  the  time  when  two  modes  arc 


in  phase. 


Lissajous  figures  have  been  plotted  at  heights  at  which  one  or 


other  mode  goes  through  zero  net  field,  as  well  as  at  intermediate  points.  The 
important  fact  to  be  observed  is  the  constancy  of  direction  of  the  sides  of  the 
figure  which  is  a  demonstration  of  the  independence  of  the  display  angle  upon 
height. 
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(a)  FIELD  MAGNITUDE  ENVELOPE.  (b)  DISPLAY. 


Figure  12.  (a)  Horizontally  Polarized  Field  above  a  flat  g  round  plane  ,due  to 
two  modes:  £  =  5°  Magnitude  =  1 

A  =  35°  Magnitude  =  0.  8 

(b)  Consequent  dependence  of  3  element  EDI*  display  upon  height. 


NOTE:  Tower  height  76  M.  f  =  25  Mc/s 
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Another  important  fact  is  that  the  higher  elevation  angle  goes  through 

7  nulls  in  the  specified  height  (at  25  Mc/s)  where  the  5°  wave  field  strength 

only  goes  to  zero  near  the  top  of  the  tower.  At  a  slightly  lower  frequency 

there  would  be  no  nulls  for  a  5°  elevation  angle.  Thus  steering  to  a  magnitude 

null  in  a  practical  system  permits  the  observations  of  lower  angle  modes.  (It 

25 

was  pointed  out  by  Bramley  that  the  azimuthal  variance  of  a  two  hop  mode 
can  be  as  much  as  12  times  the  variance  of  a  one  hop  mode.  The  variance  of 
the  corresponding  elevation  angles  should  also  favor  the  one  hop,  low  angle, 
mode,  so  the  locating  of  the  transmitter  should  be  more  accurate  in  this  case 
too).  If  the  signal  is  frequency  modulated,  or  if  h<  ight  is  scanned,  the 
magnitude  of  each  mode  response  will  be  a  function  of  time,  going  to  zero  in 
accordance  with  this  expression.  The  display  of  a  wideband  signal  will  be  a 
fan  with  a  sharp  null  at  the  angle  and  frequency  that  satisfy  this  equation.  The 
frequency  can  be  identified  by  superimposing  a  reference  signal  and  obser  /ing 
beats.  If  the  equation  is  not  satisfied  by  any  part  of  the  signal  spectrum,  the 
height  must  be  increased.  If  X,  n  and  mean  height  are  accurately  known,  an 
accurate  value  of  ^  can  be  derived.  Of  course,  a  wideband  signal  is  accom¬ 
panied  by  all  the  other  signals  in  the  passband  and  identification  by  its  fan 
shape  may  be  difficult.  However,  if  the  receiver  bandwidth  is  reduced  and  its 
center  frequency  is  scanned  over  the  signal  spectrum,  the  correlation  with 
the  fan  display  should  be  observed.  If  the  signal  occupies  a  narrow  spectrum, 
a  very  narrow  band  receiver  can  be  used  because  the  bandwidth  need  pass 
only  the  Doppler  modulations.  However,  if  height  is  scanned,  the  bandwidth 
should  be  adjusted  to  admit  this  new  modulation. 


31 


HF  Noise  Field  Above  a  Perfect  Groundplane 


As  stated  earlier,  interference  between  the  direct  and  ground 
reflected  waves  of  a  horizontally  polarized  signal,  arriving  at  an  elevation 
angle  A  degrees  above  a  perfect  groundplane,  leads  to  a  standing  wave  in 
the  vertical  plane  of  magnitude  2jEt  sin(2rr  — sin  ^),  the  time  phase  being 

X 

independent  of  height  and  of  elevation  angle. 

Direct  and  ground  reflected  noise  impulses  arriving  in  the  same 
manner  also  add  coherently  and  assume  the  same  distribution. 

Similarly,  vertically  polarized  signals  and  noise  impulses  pro- 

h 

duce  standing  waves  of  the  form  2Eicos  A  cos  (2tr —  sin  A)  and  retain  their 

X 

initial  relative  time  phases. 

Thus,  as  far  as  signals  are  concerned,  there  are  heights,*  depending 
upon  frequency,  angle  of  arrival  and  polarization,  at  which  the  signal  strength 
is  a  maximum.  These  maxima  are  the  result  of  perfect  ground  reflection  and 
so  contain  the  full  image  gain. 

Components  of  signal  frequency  in  the  spectrum  of  a  noise  source 
near  the  site  of  the  transmitter  will  be  propagated  in  the  same  way  and  will 
have  a  similar  height  dependence.  In  this  special  case,  there  may  be  no 
signal  to  noise  advantage  in  selecting  a  particular  height  except  in  the  pre¬ 
sence  of  interfering  signals.  In  practice,  especially  if  the  system  is  omni¬ 
directional,  there  will  be  sensitivity  to  noise  sources  that  are  distributed 
in  range  and  direction  and  therefore  in  elevation  a.nglc  and  propagation 
characteristics.  Since  these  are  also  random  in  magnitude  and  time,  it 


seems  reasonable  to  assume  that  there  will  be  ranges  of  heights,  depending 
upon  polar ization,  at  which  a  selected  frequency  in  the  spectrum  of  a  storm 
at  a  given  mean  distance  will  produce  maximum  fields.  Storms  in  the 
immediate  vicinity  of  the  receiver  will  arrive  as  space  waves  of  high 
elevation  angle.  Slightly  more  discant  storms  will  tend  to  arrive  as  ver¬ 
tically  polarized  ground  waves.  Stcrms  at  greater  distances  will  cause 
interference  only  if  their  fields  can  be  propagated  by  the  ionosphere  and 
so,  as  with  signal  propagation,  there  will  be  a  skip  zone  in  which  storms 
cause  no  interference.  The  angle  of  arrival  of  waves  originating  beyond 
the  skip  zone  is  a  function  of  range  and  height  of  reflection,  and  so  also 
of  frequency,  season,  time  of  day,  direction,  etc. 

Thus,  che  noise  fields  just  above  a  perfect  ground  plane  might  be 
expected  to  be  impulsive  and  vertically  polarized  and  due  to  sources  at 
groundwave  range  or  to  che  vertically  polarized  components  of  ionospherically 
propagated  waves  of  any  angle.  These  are  the  noises  that  are  sampled  by 
conventional  HF  direction  finders.  Up  higher,  they  may  be  expected  to  be 
horizontally  polarized  and  impulsive  and  due  to  high  angle  local  sources,  or 
due  to  sources  just  beyond  the  skip  zone. 

The  longer  range  noises  that  resemble  white  noise  because  they 
are  the  sum  of  a  great  number  of  sources  might  be  expected  to  be  randomly 
polarized  and  to  arrive  at  low  elevation  angles  and  so  to  reach  their  first 
horizontally  polarized  maximum  field  strength  at  the  greater  heights,  iheir 
first  vertically  polarized  maximum  being  near  ground  level.  Vertically 
polarized  antenraas  at  ground  level  are,  therefore,  subjected  to  noise  fields 
from  all  ranges  whereas  horizontally  polarized  antennas  at  the  lower  heights 


are  subjected  to  high  angle  noist  sources  only.  Higher  up,  the  horizontally 
polarized  antennas  are  subjected  to  long  range  low  angle  fields  whereas 
vertically  polarized  antennas  are  sampling  higher  angle,  shorter  range  sources. 
Thus  a  study  of  noise  levels  above  a  perfect  ground  plane  should  select  polar¬ 
ization,  frequency,  height,  direction,  angle  of  arrival  and  ionosphere  data 
and  w  correlated  with  information  concerning  storms;  the  outcome  might 
allow  a  proposed  system  design  to  be  optimized.  On  the  other  hand,  if  the 
new  system  can  be  versatile  in  choice  of  polarization,  height,  and,  perhaps, 
direction  it  might  be  adjusted  to  suit  each  new  situation  and  avoid  the  need 
for  accumulation  of  statistics 

Signal  to  Noise  Ratio 

It  is  evident  that  each  noise  impulse  is  correlated  at  each  antenna 
(because  the  ground  reflection  is  assumed  to  be  perfect  and  to  lead  to  a 
standing  wave  in  the  vertical  plane),  therefore  the  direction  and  relative 
magnitude  of  each  noise  impulse  will  be  indicated  correctly  in  the  three  or  twelve 
element  system.  The  cathode  ray  display  will  show  the  ratio  of  the  resul¬ 
tant  of  the  Y  components  of  signal  plus  noise  to  the  resultant  of  the  X  com¬ 
ponents  at  each  instant,  and  this  will  cause  momentary  variations  in  the 
direction  and  magnitude  of  che  trace.  The  total  effect  can  be  stored  in  a 
persistent  screen  and  may  be  expected  to  have  the  mean  direction  of  the  signal, 

when  the  signal  to  noise  ratio  is  large  enough,  as  described  by  de  Walden  and 
26 

Swallow  in  a  study  of  che  equivalent  azimuthal  display  problem. 
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ABSTRACT 


The  application  of  synchronous  and  correlation  detection  to  small- 
aperture,  HF/DF  systems  has  resulted  in  significantly  improved  performance. 
Sensitivity  can  be  increased  and  bearing  error  and  dispersion  reduced. 

These  detection  techniques  also  provide  additional  performance  improve¬ 
ments  such  as  instantaneous  sensing,  increased  bearing  display  quality, 
and  modulation  tolerance. 

Synchronous  and  correlation  detection  have  been  implemented  and 
used  in  rotating  interferometer  systems.  Field  test  results  indicate 
that  sensitivity  using  synchronous  and  correlation  detection  is  some 
10  dB  and  27  dB  better,  respectively,  than  envelope  detection.  Also, 
correlation  detection  can  reduce  bearing  dispersion  by  as  much  as  3:1 
and  is  especially  useful  under  weak  signal  and  severe  groundwave/skywave 
interference  conditions.  Other  improved  performance  characteristics 
were  also  verified  by  the  field  tests. 
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APPLICATION  OF  SYNCHRONOUS  AND  CORRELATION 
DETECTION  TO  HF/DF  SYSTEMS 


Introduction 

Synchronous  and  correlation  detection  have  been  extensively  used  in 
communications  and  radar  systems  to  lower  the  detection  threshold  and 
increase  the  post-detection  s ignal-to-noise  ratio.  Hcwever ,  the  appli¬ 
cation  of  these  detection  techniques  to  radiolocation  and  direction-finding 
systems  has  not  been  as  widespread,  even  though  significant  improvements 
can  be  made  in  system  performance.  This  paper  describes  the  application 
of  synchronous  and  correlation  detection  to  small-aperture  HF/DF  systems 
and  shows  that  not  only  is  sensitivity  improved  but  also  other  performance 
characteristics  such  as  instantaneous  sense,  modulation  tolerance,  and 
increased  bearing  accuracy  can  be  obtained. 

The  basic  operating  principles  of  synchronous  detection  as  applied 
to  HF/DF  systems  using  small-aperture  arrays  are  presented.  Small -aperture 
arrays  considered  are  rotating  interferometers  (both  spaced  coaxial  loops 
and  spaced  vertical  dipoles)  and  the  simp’e  loop.  Improvements  obtained 
in  sensitivity,  detection  dynamic  range,  and  bearing  display  quality  are 
described,  and  the  technique  of  instantaneous  sensing  using  the  synchro¬ 
nous  detection  output  is  explained. 

A  post-synchronous  detection  correlation  technique  called  orthogonal 
correlation  is  described.  It  is  shown  how  quadrature  sinusoidal  and  co¬ 
sinusoidal  replicas  of  the  antenna  array  scan  rate  can  be  multiplied  by 
the  synchronous  detection  output,  low-pass  filtered,  and  time  averaged 
by  integration  to  acquire  a  significant  increase  in  sensitivity.  It  is 
also  shown  how  bearing  error  and  dispersion  reduction  are  obtained  by 
orthogonal  correlation. 

Complete  dual-channel  HF/DF  syotems  designed  especially  for  synchro¬ 
nous  and  correlation  detection  have  been  fabricated  and  field  tested. 

The  systems  are  short  baseline  rotating  interferometers  using  both  spaced 
vertical  dipoles  and  spaced  coaxial  loops.  Field  tests  under  a  variety 
of  signal  and  propagation  conditions  have  verified  the  improvements 
afforded  by  synchronous  and  correlation  detection. 
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The  work  summarized  in  this  paper  was  performed  under  Contract 
DAAR07-68-C0072  with  the  U.  S.  Army  Electronics  Command. 

Synchronous  Detection  -  Basic  Principles 

Figure  1  depicts  a  rotating  interferometer  array  with  identical  antenna 
elements  separated  by  a  baseline  distance  d.  The  baseline  is  horizontal 

and  rotated  about  the  vertical  axis  at  a  rate  of  u>  .  For  tactical  HF 

s 

usage,  the  baseline  must  be  electrically  short  and  the  antenna  elements 
must  be  electrically  small  in  order  to  maintain  a  physically  small  form 
factor  consistent  with  operational  requirements.  For  example,  the  base¬ 
line  and  effective  element  heights  may  not  exceed  0.2  \  at  the  highest 
frequency  of  interest. 

Both  of  these  factors  combine  to  decrease  the  sensitivity  of  a  short- 
baseline  interferometer  relative  to  a  larger  interferometer  (e.g.,  d/\  ■  0.5) 
with  resonant  antenna  elements.  One  basic  approach  to  improving  sensi¬ 
tivity  is  the  use  of  synchronous  rather  than  envelope  detection.  Synchro¬ 
nous  detection  requires  two  input  signals  for  proper  demodulation  --  one 
with  the  bearing  information  and  another  phase  reference  signal  without 
the  bearing  information.  This  requirement  is  satisfied  by  using  a  broad¬ 
band  RF  hybrid  at  the  interferometer  output  to  obtain  sum  (E)  and  difference 
(A)  signals.  The  A  signal  contains  the  bearing  information;  the  E  signal 
does  not.  The  A  signal  is  applied  to  one  channel  of  a  dual-channel  recei¬ 
ver;  the  E  signal  is  applied  to  the  other  channel.  It  is  important  to 
note  that  the  dual-chunnel  approach  described  does  not  require  amplitude 
and  phase  matching  in  the  dual-channel  receiver.  The  IF  outputs  are  used 
as  the  synchronous  detector  input  signals. 

For  a  single  frequency  received  component,  the  antenna  element  output 
voltages  referenced  to  a  common  phase  center  can  be  represented  by 

=  G(A,i|r,$,0)  cos  £tuct  -  cos  $  sin  (uugt  -  0)J  (1) 
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and 


E2  «  G(X,t.M)  c°s  [wct  +  J-  cos  4  sin  (uugt  -  0)J  ,  (2) 

where  G(X,i|i,$,0)  describes  the  antenna  response  pattern  associated  with  each 
element  and, 

X  =  incident  wavelength, 

=  incident  polarization  angle  with  =  0°  for  a  vertical  signal, 

$  ■  elevation  angle  of  arrival  with  $  =>  0°  for  a  groundwave  signal, 

0  =  azimuth  direction  of  arrival  of  incident  signal, 

uj  =  antenna  rotation  rate,  and 
s 

uu  =  RF  carrier  frequency, 
c 

The  difference  voltage  -  E2 

=  2G(X,i|f  ,$,0)  sin  £  j-  cos  i  sin  (ujgt  -  6)J  sin  u>ct.  (3) 

The  sum  voltage  E^.  =  E^  +  E2 

=  2G(X  ,\|r  ,$,0 )  cos  £  ^  cos  *  sin  "  ®)]  cos  (u^t  +  6),  (4) 


where  the  phase  angle  6  accounts  for  any  RF  phase  difference  between  the 
sum  and  difference  signals. 

Synchronous  detection  is  achieved  by  multiplication  and  lowpass  filter 
ing  of  signals  (3)  and  (4)  after  reception  and  translation  to  IF  frequency 
in  a  dual-channel  receiver.  The  filtered  product  of  E^  and  E ^  is 


E  E„ 
A  £ 


-G2(X,V,'M)  sin  6'  sin  £  •  cos  i  sin  (uugt  -  0)J,  (5) 


where  the  phase  angle  6'  accounts  for  both  the  RF  and  IF  phase  differences. 
It  may  be  noted  that  6'  has  no  effect  on  bearing  measurement  in  that  it  only 
affects  the  amplitude  of  Eg. 

For  all  of  the  antenna  systems  considered,  the  baseline  d  is  much 
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less  than  a  wavelength  so  that  the  simplifying  assumption 

d/X  <  <  1  .  (6) 

can  be  made.  Two  basic  interferometer  configurations  are  considered:  coaxially 
spaced  loops  and  spaced  vertical  dipoles.  For  the  loop  elements  the  loop 
circumference  is  considerably  less  than  a  wavelength  so  that  the  loop  antenna 
pattern  function  becomes 

=  K  |cos  i|r  cos  (uugt  -  0)  + 

sin  i|r  sin  4>  sin  (uu^t  -  0)1  ,  (7) 


where  K  is  a  constant  related  to  loop  area  and  ^frequency. 

!  '  ’ 

ferometer  difference  voltage  is 

E._  =  2K  i  cos  ilt  cos  (ut  t  -  0 )  +  sin  *  sin  $  sin  (tu  t 
AL  L  T  s  T  s 

{ 


nd 

X 


I  IU  x  , 

—  cos  $  sin 


(ut  t 
s 


-  0 


>} 


sin  uu  t . 
c 


The  loop  inter 

-9)} 

(8) 


Equation  (8)  represents  the  conventional  output  voltage  that  is  obtained 
from  a  rotating  spaced  1 oop  antenna.  The  sum  voltage  from  (4)  is 


{ 


*  2K  i  cos  ijj  cos 


(id  t 
s 


-  0)  +  sin  i| t  sin  $  sin 


(id  t 
s 


-  0 


>} 


j^cos 


(ut  t  +  6 
c 


(9) 


The  synchronously  detected  scan  pattern  obtained  from  (5)  is 

2  '  l2 

E„,  =  -K  -j  cos  tit  cos  (at  t  -  9)  +  sin  \|t  sin  $  sin  (id  t  -  8)r 
SL  ^  S  S  / 

|sin  6  '  •  cos  $  sin  (u)gt  -  0  )  . 


(10) 


For  the  spaced  vertical  dipole  interferometer  the  antenna  elements 
are  electrically  short  so  that  the  antenna  pattern  function  for  a  single 
dipole  is 
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G(\,^,$,0)  ■  C  cos  If  cos  4>, 


(ID 


where  C  is  a  constant  related  to  the  effective  height  of  the  element.  The 
vertical  dipole  interferometer  difference  voltage  is 

t  -  0  )j  sin  u^t ,  (12  ) 

and  the  corresponding  sum  voltage  is 

E^d  =  2C  cos  i|r  cos  i  cos  (uu£t  +6)  .  (13) 

The  synchronous  detector  output  is  the  filtered  product  of  (12)  and  (13) 
or 

Esd  =  -C^  cos^  •fj  cos^  $  sin  6'  ^  sin  (u^t  -  0  )  |  .  (14) 

Table  I  summarizes  all  of  the  basic  equations  which  describe  inter¬ 
ferometer  sum  and  difference  outputs  and  the  synchronously  detected  scan 
patterns.  Also  included  in  Table  I  are  the  equations  which  result  when  a 
simple  rotating  loop  is  used  to  provide  the  difference  signal  and  a  short 
vertical  probe  antenna  is  used  to  provide  the  sum  signal.  An  analysis  of 
Table  I  will  shew  that  the  desired  bearing  information  is  contained  in  the 
zero  crossings  of  Eg  and  is  therefore  an  inherently  narrowband  process 
affording  considerably  smaller  bandwidth  post-detection  filtering  than 
conventional  envelope  detection.  Single  channel  rotating  DF  systems  fre¬ 
quently  use  simple  envelope  detection  of  the  magnitude  of  the  different 
signals  shown  in  Table  I  leading  to  the  well  known  full-wave  rectified 
waveform  with  amplitude  nulls  indicating  the  bearing  locations.  A  wave¬ 
form  of  this  type  is  inherently  wideband  requiring  a  post-detection  band¬ 
width  considerably  larger  than  the  basic  scan  rate;  heavy  filtering  to 
improve  the  signal-to-noise  ratio  results  in  reduction  in  bearing  accuracy 
and  display  sharpness  and  readability.  In  practice  it  has  been  found  that 
10-15  dB  improvement  in  sensitivity  can  be  realized  with  synchronous  detec¬ 
tion  by  use  of  narrew  post-detection  filters.  An  additional  advantage  of 


E>r.  =  2C  cos  cos^  ^  t—  sin  (uu 
AD  T  LX  s 
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synchronous  detection  is  that  the  azimuthal  information  is  contained  in 
a  waveform  zero  crossing  rather  than  a  simple  minimum  value.  This  feature 
of  synchronous  detection  gives  rise  to  improved  dynamic  range  of  the  bear¬ 
ing  display  and  enhanced  pattern  sharpness  and  readability.  Also,  quadra¬ 
ture  noise  rejection  is  achieved  by  use  of  synchronous  demodulation  con¬ 
tributing  to  improved  post-detection  signal-to-noise  ratio. 

Figure  2  illustrates  normalized  envelopes  of  the  IF  sum  and  difference 
signals  and  the  resultant  synchronously  detected  scan  patterns  for  the  two 
basic  interferometers  and  the  simple  loop/vertical  probe  system.  Conditions 
are  depicted  for  i|i  =  0°.  It  may  be  noted  that  in  all  cases  the  desired 
bearing  information  (occurring  at  tt  and  2n)  is  contained  in  a  zero-crossing 
rather  than  in  a  signal  null.  Therefore  the  bearing  information  is  inherently 
narrowband  since  it  is  contained  in  a  simple  zero-crossing  (low  harmonic 
content)  at  the  basic  antenna  scan  rate.  Also  sense  determination  (bear¬ 
ing  ambiguity  removal)  is  inherent  in  all  of  the  synchronously  detected 
scan  patterns.  In  every  instance,  the  waveform  zero  crossings  have  opposite 
slopes  for  the  two  bearing  null  positions.  This  fact  has  been  exploited 
in  the  Georgia  Tech  dual-channel  approach  by  providing  the  capability  for 
determining  instantaneous  sense  on  a  single  scan  of  the  DF  antenna. 

The  photographs  in  Figure  3  demonstrate  the  sense  capability  that 
can  be  achieved  with  synchronous  detection.  Display  patterns  obtained 
with  the  spaced  dipole  interferometer  and  the  spaced  loop  interferometer 
are  shown.  It  may  be  noted  that  the  spaced  loop  display  contains  four 
possible  null  locations.  These  figures  show  bearing  display  patterns 
obtained  when  a  portion  of  the  synchronously  detected  signal  is  used  to 
provide  sense  "lobes"  on  the  display.  For  the  spaced  dipole  interferometer, 
the  correct  null  is  indicated  by  the  null  which  is  preceded  by  the  sense 
lobe  when  viewing  the  compass  rose  in  a  clockwise  sense.  Similarly,  the 
correct  null  for  the  spaced  loop  display  is  indicated  by  the  null  which 
is  preceded  by,  but  not  followed  by,  the  sense  lobe.  Note  that  the  bear¬ 
ing  displays  are  not  degraded  by  the  addition  of  the  sense  information. 

It  is  particularly  significant  to  note  that  only  one  antenna  scan  is 
required  for  a  complete  determination  of  bearing.  This  fact  is  important 
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SPACED  LOOP  OUTPUT  SIGNALS 


SIMPLE  LOOP  AND  SPACED 
DIPOLE  OUTPUT  SIGNALS 


E£:  ENVELOPE  OF  SUM  IF  INPUT  TO  SYNCHRONOUS  DETECTOR 

Ea:  ENVELOPE  OF  DIFFERENCE  IF  INPUT  TO  SYNCHRONOUS  DETECTOR 

Et:  FILTERED  SYNCHRONOUS  DETECTOR  OUTPUT 


Figure  2.  Sum,  Difference,  and  Synchronous  Detection  Signals. 
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•.WITH SENSE  LOBE 


b.  WITHOUT  SENSE  LOBE 


SPACED  LOOP  DISPLAY  PATTERNS  ( TARGET  AT  94°) 


c.  WITH  SENSE  LOBE 


d.  WITHOUT  SENSE  LORE 


SPACED  DIPOLE  PATTERNS  (TARGET  AT  0°) 


Figure  3*  Bearing  Displays  Depicting  Sense  Patterns. 


10 


when  it  is  recognized  that  pattern  time  history  is  normally  required  for 
most  conventional  small-aperture  direction  finders. 

Synchronous  detection  has  a  considerably  larger  dynamic  range  than 
envelope  detection  again  due  to  the  use  of  zero-crossing  (phase)  rather 
than  amplitude  information.  With  synchronous  detection  the  increased 
dynamic  range  tends  to  stabilize  the  bearing  display,  i.e.,  the  null 
depths  indicated  on  the  display  do  not  vary  as  the  signal  amplitude 
changes  due  to  fading. 

To  summarize,  synchronous  detection  results  in  (1)  increased  sensi¬ 
tivity,  (2)  improved  bearing  display  sharpness  and  reliability,  (3)  in¬ 
creased  dynamic  range,  and  (4)  instantaneous  sensing. 

Orthogonal  Correlation  -  Basic  Principles 

The  basic  form  of  the  synchronous  detection  output  makes  it  possible 
to  obtain  even  larger  sensitivity  improvement  by  use  of  an  orthogonal 
correlation  technique  depicted  in  Figure  4.  The  basic  function  of  orthogonal 
correlation  is  to  perform  a  cross  correlation  of  the  synchronous  detector 
output  with  quadrature  (orthogonal)  sinusoidal  components  of  the  ante  ina 
scan  rate.  Since  a  crosscorrelator  provides  a  measure  of  the  coherence 
between  two  waveforms,  the  two  parallel  crosscorrelators  in  Figure  4 
produce  sin  9  and  cos  0  outputs  where  0  is  the  bearing  angle  as  contained 
in  the  zero-crossings  (i.e.,  phase)  of  the  synchronous  detector  output. 

Also,  a  crosscorrelator  acts  as  a  form  of  matched  filter  providing  the 
ultimate  in  linear  filtering  that  leads  to  the  highest  possible  signal-to- 
noise  ratio  at  the  filter  output.  In  addition  to  sensitivity  improvement, 
orthogonal  correlation  provides  bearing  error  and  dispersion  reduction, 
modulation  tolerance,  reduction  of  antenna  array  unbalance  effects,  easily 
read  bearing  displays,  inherent  sense,  and  output  signals  compatible  with 
a  digital  readout. 

In  Table  I  when  noise  and  time  variable  bearing  errors  are  included, 
the  synchronously  detected  output  signals  are  a  11  of  the  form 

Es  =  K'  a(t)  sin  [u>  t  -  9  +  e(t)]  ,  (15) 
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Figure  It.  Basic  Functional  Diagram  of  Synchronous 
Detection  and  Orthogonal  Correlation. 


where  K'  -  a  constant  related  to  the 
and  d/\, 

a(t)  ■  a  time  variable  amplitude 
noise,  fading,  etc., 

uu  =  the  antenna  scan  rate, 
s  * 


antenna  element  gain  factor,  $,\|f,6', 
that  is  a  function  of  modulation, 


8  =  azimuth  angle  of  arrival,  and 

c(t)  =  a  time  variable  bearing  error  created  by  noise,  polarization 

changes  (simple  loop),  and  ionospheric  effects  such  as  multiple 
wave  propagation  and  path  deviation. 


Fortunately,  the  function  described  by  Equation  (15)  is  of  a  form  that  can 
be  efficiently  time  cross  correlated  with  orthogonal  sinusoidal  representa¬ 
tions  of  the  antenna  scan  rate  in  order  to  recover  the  bearing  information. 

In  Figure  4,  E  of  Equation  (15)  is  multiplied  by  sin  u)  t  and  cos  U)  t 
s  s  s 

in  parallel  paths  and  lowpass  filtered  to  remove  the  double  frequency  terms 
(2u)g).  The  outputs  from  the  two  correlation  detectors  prior  to  the  inte¬ 
grators  are  of  the  form 

Ex  =  K"  b  (t )  cos  ^0  -  e(t)J 

=  K"  b  (t )  £cos  8  cos  C(t)  +  sin  8  sin  e(t)J  and  (16) 


E  =  K"  b (t )  sin  8 


[« 


=  K" 


sin  8 


cos  e(t)  -  cos  0  sin  e 


(17) 


where  K"  is  a  constant  and  b(t)  is  a  time  variable  amplitude  resulting  from 
the  multiplication/filtering  process. 

It  will  now  be  assumed  that  e(t)  is  an  ergodic,  stochastic  process  con¬ 
fined  to  the  range  |e(t)|  <  j  with  a  time  average  of  zero.  This  basically 
assumes  that  the  probability  density  function  p(e)  of  e(t)  is  symmetrical 
about  6=0.  A  considerable  amount  of  empirical  data  acquired  by  many 
investigators  strongly  indicates  that,  in  general,  the  time-average  value 
of  DF  bearing  errors  is  zero  implying  a  symmetrical  function  with  zero  mean. 
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It  may  be  noted  that  E  and  E 

x  y 

integration  the  expected  values  are 


are  time -variables  due  to  t(t). 


After 


E^  *  K"  b(t)  £cos  0  J  cos  e  p(e)d*  +  sin  0  J  sin  c  p(c)dej  (18) 

all  e  all  c 

Ey  *  K"  b(t)  £sin  0  J  cos  C  p(e)dc  -  cos  0  J  sin  C  p(t)dfj.  (19) 

all  e  all  c 


Note  also  that  the  amplitude  terms  have  been  time  averaged, providing  the 
modulation  tolerance  feature. 

Assuming  p(c)  is  a  symmetrical  (even)  function  about  c  *  0,  Equations 
(18)  and  (19)  simplify  to 

Ex  *  K"  b(t)  cos  0  | 

all 

Ey  =  K"  b(t)  sin  0  J 

all 

When  E  and  E  are  applied 
x  y 

displayed  bearing  angle  is 

8d  ■ tan'1  [  f2-  ]  ■ 6 

x 

which  is  the  desired  information  with  all  error  producing  and  modulation 
effects  removed.  Sense  is  inherent  in  the  display,  which  is  simply  a 
straight  line  pointing  to  0  — after  trace/retrace  modulation  is  applied 
to  the  integrator  outputs.  Also  inherent  in  the  orthogonal  correlation 
technique  is  reduced  susceptibility  to  antenna  unbalance  effects.  At  the 
synchronous  detector  output  antenna  unbalance  is  manifested  by  a  DC  off¬ 
set  voltage;  however,  this  voltage  when  crosscorrelated  with  the  quadra¬ 
ture  scan  signals  has  a  time  average  value  of  zero.  Hence,  antenna  un¬ 
balance  effects  are  reduced. 


cos  e  p(e)de  ,  and  (20) 

e 

cos  e  p(c)de  .  (21) 

e 

to  an  XY  oscilloscope  display,  the  resultant 

,  (22) 
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The  combination  of  correlation,  lcx/pass  filtering,  and  time  averag¬ 
ing  acts  to  remove  a  very  large  portion  of  the  noise  present  at  the  synchro¬ 
nous  detector  output  greatly  improving  the  sensitivity.  (In  theory,  if 
a  noise-free  sum  signal  is  available,  any  signal  periodic  with  respect  to 
the  scan  rate  can  be  extracted  from  noise  by  use  of  the  described  correla¬ 
tion  technique  regardless  of  the  input  signal-to-noise  ratio.)  In  practice, 
some  20-30  dB  improvement  relative  to  envelope  detection  has  been  obtained. 

The  integrator  outputs  are  slowly  varying  DC  levels?  representing  sin  0 
and  cos  0.  Therefore,  it  has  been  possible  to  convert  these  outputs  to  a 
digital  bearing  readout.  The  sin  0/cos  0  outputs  are  applied  to  a  sine/ 
cosine-to-BCD  angle  converter  which  drives  a  decoder /driver/Nixie  readout. 

To  summarize,  orthogonal  correlation  provides  the  following  advantages: 

(1)  Sensitivity  improvement 

(2)  Bearing  error  and  dispersion  reduction 

(3)  Inherent  sense 

(4)  Modulation  tolerance,  i.e.,  modulations  such  as  00K  and  SSB 
do  not  clutter  the  bearing  display 

(5)  Reduction  of  antenna  unbalance  effects 

(6)  Simple,  easily  read  displays 

(7)  Adaptable  to  digital  readout 

(8)  Can  be  applied  to  most,  if  not  all,  small  aperture  DF  systems 

(9)  Can  be  used  on-line  with  conventional  bearing  displays. 

Practical  Implementation  -  Systems  Description 

Synchronous  and  correlation  detection  have  been  used  with  several  types 
of  rotating  interferometer  systems.  One  system  (Figure  5)  uses  1.8  m 
vertical  dipoles  spaced  on  a  1.8  m  baseline.  Another  (Figure  6)  uses  0.3  m 
diameter  loops  spaced  on  a  1.8  m  baseline.  Both  the  dipoles  and  loops 
arrays  are  untuned  and  applied  directly  to  a  broadband  hybrid  to  obtain 
the  RF  sum  and  difference  signals.  The  coaxial  transmission  lines  from 
the  elements  to  the  hybrid  are  loaded  with  spaced  ferrite  toroids  to  re¬ 
duce  undesired  horizontal  polarization  pickup  and  environmental  coupling. 

The  1.5  m  transmission  line  between  the  hybrid  output  (in  the  antenna 
rotator  base)  and  the  dual-channel  receiver  input  is  twisted  balanced  coax. 
Antenna  scan  rate  is  30  rpm. 
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Figure  5.  Six-Foot  Baseline  Rotating  Interferometer 
with  Spaced  Dipoles. 
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Figure  6.  Six-Foot  Baseline  Rotating  Interferometer 
vith  Spaced  Loops. 
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Figure  7  depicts  a  simplified  functional  block  diagram  of  the  post-IF 
circuitry. 

The  interferometer  RF  A  output,*  which  contains  the  bearing  information, 

r 

is  converted  to  IF  in  one  channel  of  the  dual-channel  receiver.  The  IF  A 
can  then  be  applied  to  either  an  envelope  or  a  synchronous  detector.  Either 
detector  can  be  selected  for  display.  The  instantaneous  sense,  which  is 
derived  from  the  synchronous  detector,  may  be  used  with  either  the  synchro¬ 
nous  or  envelope  detector  displays.  After  shaping,  positive  and  negative 
representations  of  the  scan  (bearing)  information  are  applied  to  a  sine/cosine 
potentiometer  rotating  in  synchronism  with  the  loop.  The  sine/cosine  poten¬ 
tiometer,  which  may  be  viewed  as  a  rectangular -to-polar  conversion  device, 
converts  the  scan  modulation  to  the  proper  form  for  display  on  an  XY  scope. 

The  synchronous  detector  also  supplies  an  input  to  the  orthogonal 
correlator  which  operates  as  previously  described.  When  orthogonal  correla¬ 
tion  is  used  the  sine/cosine  potentiometer  functions  as  the  multipliers  for 
correlation  detection. 

The  IF  £,  which  does  not  contain  the  scan  modulation,  is  applied  to 
a  sense  band  adjust  circuit.  This  circuit  is  a  continuously  variable  phase- 
shifter  used  to  adjust  the  IF  £  phase  to  compensate  for  major  differential 
phase  shifts  between  receiver  channels  and  hence  insure  that  sense  is  correct 
over  the  entire  2-20  MHz  range.  This  control  also  peaks  the  synchronous 
detector  output  level. 

Operational  Field  Evaluation  -  Test  Results 

Field  tests  consisted  of  two  major  phases.  The  first  phase  was  directed 
tcward  measuring  both  the  absolute  and  relative  sensitivities  of  envelope, 
synchronous,  and  correlation  detection  using  a  local  signal  source  to 
establish  known  field  strengths.  The  second  phase  evaluated  bearing 
accuracy  and  dispersion  using  cooperative  test  transmissions  at  distances 
of  3.1,  8,  and  22  km  and  uncooperative  transmissions  from  distances  exceed¬ 
ing  several  hundred  kilometers.  This  second  phase  was  devoted  to  evaluating 
the  performance  of  the  spaced  dipole  interferometer  and  emphasized  testing 
over  the  8  and  22  km  paths  which  provided  ground wave /skywave  interference 
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effects.  (A  major  objective  of  the  research  was  to  develop  improved  tech¬ 
niques  for  direction  finding  under  severe  groundwave/skywave  interference 

effects.  The  spaced  dipole  interferometer  using  synchronous  detection  has 

3 

a  cos  $  elevation  plane  response  implying  improved  rejection  to  high  eleva¬ 
tion  angle  skywaves.) 

Sensi tlvity 

Sensitivity  was  measured  by  reducing  the  field  strength  until  a 
minimum  usable  bearing  display  occurred.  DF  visual  bearing  sensitivity 
criteria  were  used.  Measurements  were  taken  with  the  sense  band  adjustment 
positioned  for  maximum  synchronous  detector  output.  Figure  8  depicts  the 
measured  sensitivity  for  the  spaced  dipoles  (1.8  m  lengths)  on  a  1.8  m 
baseline;  sensitivity  of  the  1.8  m  baseline  spaced  loop  is  approximately 
20  dB  less,  i.e.,  20  dB  should  be  added  to  the  dB/p,v/m  values  in  Figure  8. 
Figure  8  shows  that  synchronous  detection  improves  sensitivity  by  approxi¬ 
mately  10  dB  relative  to  envelope  detection.  Orthogonal  correlation  is 
some  17  dB  more  sensitive  than  synchronous  detection,  and  hence  about  27  dB 
more  sensitive  than  envelope  detection.  The  correlation  sensitivity  levels 
presented  in  Figure  8  could  be  acquired  within  5-10  seconds  after  signal 
acquisition. 

It  may  be  noted  from  Equation  (5)  that  the  synchronous  detector  out¬ 
put  is  multiplied  by  the  term  sin  6'  where  6'  corresponds  to  the  phase  dif¬ 
ference  between  the  two  IF  outputs.  The  factor  sin  6*  is  set  very  close 
to  unity  by  use  of  a  phase  shifter  at  the  sum  channel  IF  output,  providing 
both  maximum  sensitivity  and  unambiguous  sensing.  An  objective  of  the  field 
tests  was  to  determine  how  broadband  the  sin  6'  or  sense  band  adjustment 
is  with  respect  to  operating  frequency. 

Tests  showed  that  the  sense  band  adjust  setting  for  maximum  synchro¬ 
nous  detector  output  and  proper  sense  proved  to  be  relatively  insensitive 
to  operating  frequency.  In  fact,  for  the  dipole  interferometer,  a  single 
setting  could  be  used  over  the  entire  2-20  MHz  range. 
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Figure  8.  Sensitivity  Data  for  Various  Detection  Techniques. 


Bearing  Accuracy  and  Dispersion  -  Groundwave 


Slight  skywave  interference  was  noted  on  80  watt  7.310  and  4.010  MHz 
transmissions  at  a  distance  of  3.1  km  using  horizontal  transmitter  polariza¬ 
tion.  Using  synchronous  detection,  with  the  dipole  interferometer,  bearing 
fluctuations  due  to  the  skywave  interference  were  +  2°;  with  correlation, 
no  bearing  fluctuations  were  noted,  and  the  mean  error  was  0.5°.  Envelope 
detection  sensitivity  was  inadequate  for  usable  bearing  information. 

Bearing  Accuracy  and  Dispersion  -  Groundwave /Skywave 
Combination  (Groundwave  Dominant) 

7.310  MHz,  80-watt  transmissions  on  a  long  wire  at  a  distance  of 
8  km  produced  considerable  groundwave /skywave  interaction  under  conditions 
of  dominant  groundwaves.  Table  II  presents  results  using  the  spaced  dipole 
interferometer.  (In  Table  II  and  subsequent  figures,  the  term  instantaneous 
refers  to  synchronous  detection.) 

TABLE  II 

Test  Results:  8  km  Path 
With  Groundwave /Skywave  Interference 


Display 

No.  Bearings 

Mean  Error 

Standard 

Deviation 

Spread 

Correlation 

214 

0.8° 

1° 

3.1° 

Instantaneous 

263 

0.5° 

2.7° 

11.9° 

In  comparing  the  correlation  results  with  the  instantaneous  data,  the 
difference  of  0.3°  between  the  bearing  errors  should  not  be  considered  signi¬ 
ficant  because  both  values  are  well  within  calibration  accuracy.  The  large 
reductions  in  standard  deviation  and  spread  afforded  by  correlation  are 
the  significant  factors. 


22 


Bearing  Accuracy  and  Dispersion  - 

Severe  Groundwave/Skywave  Interaction 

Severe  groundwave/skywave  interference  was  acquired  over  a  22  km 
path  at  7.310  MHz  using  a  vertical  monopole  transmitting  antenna.  Indica¬ 
tions  were  that  the  groundwave  and  skywave  were  of  comparable  level  on  the 
average . 

A  relatively  large  amount  of  data  were  collected  under  these  condi¬ 
tions  due  to  the  severe  signal  conditions  which  furnished  an  excellent  test 
of  the  spaced  dipole  interferometer  performance. 

Figures  9  and  10  present  histograms  of  the  data  obtained.  Figure  9 
presents  data  acquired  using  the  instantaneous  bearing  information  (synchro¬ 
nous  detection);  Figure  10  data  were  obtained  by  using  the  correlation  bear¬ 
ing  display. 

The  data  in  Figures  9  and  10  conclusively  demonstrate  that  a  short- 
baseline  interferometer  using  electrically  small  dipole  elements  can  obtain 
reliable  bearing  information  under  severe  groundwave/skywave  conditions. 

The  data  also  indicate  that  both  bearing  error  and  dispersion  are  signifi¬ 
cantly  reduced  by  orthogonal  correlation. 

The  most  dramatic  demonstration  of  the  advantages  of  orthogonal  corre¬ 
lation  was  observed  during  the  ionospheric  transitional  periods  when  the 
skywave  scatter  mode  became  quite  evident.  For  example,  on  7.310  MHz,  the 
transitional  period  occurred  between  2200  and  2400  hours  (local  sunset). 

Fade  characteristics  became  very  erratic  and  fade  rates  increased;  fade 
rates  of  one  per  second  were  typical.  The  instantaneous  bearing  display 
became  very  difficult  to  read;  bearings  occurred  over  360°  due  to  scatter 
effects.  However,  reliable  bearing  information  could  De  obtained  using 
correlation.  Table  III  illustrates  typical  results  obtained  from  con¬ 
tinuous  observation  during  a  period  with  heavy  intermittent  scatter  effects. 
Data  were  taken  during  the  periods  of  scatter.  Interspersed  among  the 
scatter  periods  were  intervals  of  relatively  steady,  obviously  groundwave, 
signals.  Correlated  bearings  were  also  taken  during  these  non-scatter 
periods  and  produced  means  of  about  +1°  to  -2°  and  standard  deviations  of 
approximately  2°  -  4°.  Instantaneous  bearings  were  also  reliable  during 
the  non-scatter  intervals  with  typical  means  of  -1°  to  -4°  and  standard 
deviations  of  4°  -  5°. 
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TABLE  III 


Typical  Data  Illustrating  Correlation  Performance 
During  Ionospheric  Transitional  Period  (Heavy  Scatter) 


Period  (U.T. ) 

Number 

Mean 

Standard 

Deviation 

Spread 

2300-2305* 

10 

-1.3° 

2.5° 

7° 

2310-2315 

10 

-5° 

0° 

0° 

2330-2335 

10 

O 

04 

H 

1 

3.0° 

8° 

2335-2425 

22 

-6.4° 

8.3° 

29° 

* 


1700-1705  Local  Time. 


A  series  of  tests  was  performed  to  evaluate  performance  for  very  small 
groundwave/skywave  ratios.  A  horizontal  dipole  transmitting  antenna  was 
used  to  greatly  reduce  the  groundwave/skywave  ratio.  Fade  rate  and  depth 
increased  significantly;  bearing  dispersion  and  spread  also  increased  rela¬ 
tive  to  the  vertical  monopole. 

Data  were  obtained  by  performing  a  sequence  of  monopole-dipole  tests 
using  the  80  watt  transmitter.  The  relatively  lew  transmitted  power  re¬ 
quired  that  correlation  be  used  to  obtain  reliable  bearing  information. 
Figures  11  and  12  present  histograms  of  the  results. 

The  most  noticeable  difference  between  the  monopole  and  dipole  data 
is  the  bearing  dispersion;  the  mean  errors  are  not  significantly  different. 
The  horizontal  dipole  standard  deviation  and  spread  are  approximately  ten 
times  greater  and  indicate  the  performance  that  could  be  expected  with 
little  or  no  groundwave  and  a  relatively  large  amount  of  skywave  scatter. 

Tests  were  also  performed  on  4.010  MHz  using  the  dipole  transmitting 
antenna  and  similar  results  were  noted. 


m  O 
Si  — 

"  < 

> 

(A  UJ 

ca  a 
So  o 

3*3 

uj  "  a 

bo  5  * 
•  ^  < 

SSifc 


z 

o 

N  ui 

E  < 

II 

-1 

Z  o 

lit  OC 

I-  o 


< 

o 

z 


< 

I 


I- 

< 

UJ 

OC 

u 


UJ 

“1 

£? 

—  V 

Q  </) 


c/3 


•rH 

d> 

W 

G 

C/3 

v< 

•H 

rH 

e 

<D 

w 

w 

a 

G 

cd 

PQ 

>-* 

E-» 

-P 

O 

-P 

O 

-P 

cd 

1 

X 

•H 

o 

Cfl 

CO 

, 

G 

tv] 

•P 

M 

G 

2 

M 

O 

bO 

rH 

G 

on 

•H 

• 

h 

10- 

cd 

0) 

« 

• 

.g 

c 

-p 

o 

g 

•H 

PG 

•p 

G 

S 

1 — 1 

£ 

<u 

cv 

G 

C\J 

G 

• 

O 

C/3 

g 

U 

(U 

o 

rH 

<p 

o 

• 

Pt 

p 

(V 

•H 

TO 

rH 

Q 

G 

O 

bO 

PH  rG 

o 

•rH 

<D 

-p 

Q 

U 

w 

G 

■H 

C 

Pb 

« 

O 

CO 

CM 

H 

<U 

G 

n 

bO 

•H 

28 


Bearing  Accuracy  and  Dispersion  -  Long  Distance. 
Low  Elevation  Angle  Transmissions 


tss 


mmm 


Twenty-seven  tests  on  seven  long-range  (distance  greater  than 
several  hundred  kilometers)  transmissions  produced  mean  errors  within  +  1° 
and  standard  deviations  of  5°  (synchronous  detection)  and  4°  (correlation). 


Other  Performance  Characteristics 

The  operational  field  tests  also  verified  the  qualitative  aspects 
of  the  improved  performance  of  synchronous  and  correlation  detection.  Synchro- 

*  4 

nous  detection  bearing  displays  were  of  consistently  higher  quality  (sharp¬ 
ness,  readability,  and  dynamic  range)  than  envelope  detection.  Instantaneous 
sensing  proved  completely  reliable  under  all  signal  conditions.  Also,  the 
inherent  sense  and  modulation  tolerance  of  correlation  detection  were 
thoroughly  verified.  The  steady  (or  slwly  varying)  correlation  detection 
display  proved  to  be  quite  readable  and  was  considered  to  be  a  significant 
improvement  over  the  conventional  displays. 


Conclusions 

The  inclusion  of  synchronous  and  correlation  detection  in  dual-channel, 
small-aperture  HF/DF  systems  significantly  improves  performance.  Sensi¬ 
tivity  can  be  increased  by  tens  of  dB  relative  to  envelope  detection.  In¬ 
stantaneous  sensing  is  inherent  in  both  detection  modes.  Correlation  detec¬ 
tion  can  reduce  bearing  dispersions  by  as  much  as  3:1  and,  in  some  cases, 
relatively  reliable  bearings  can  be  obtained  using  correlation  when  other 
detection  methods  fail.  Display  characteristics  such  as  bearing  readability 
and  dynamic  range  are  enhanced  by  both  synchronous  and  correlation  detection. 
Correlation  detection  possesses  the  additional  major  advantage  of  modula¬ 
tion  tolerance. 

The  practical  application  of  synchronous  and  correlation  detection  to 
short  baseline,  dual-channel,  rotating  interferometer  systems  has  been 
demonstrated  and  operationally  verified  by  field  tests  performed  under  a 
wide  variety  of  signal  and  propagation  conditions.  Correlation  detection 
proved  to  be  especially  useful  under  weak  signal  and  severe  groundwave/ 
skywave  conditions. 
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I.  Introduction 

Small  aperture  direction  finders  continue  to  find  application  where 
tactical  constraints  such  as  size,  weight,  and  portability  prohibit  the 
use  of  large  aperture  systems.  With  ionospher ically  propagated  signals, 
most  small  aperture  direction  finders  display  a  bearing  indication  which 
is  time  variable.  The  variation  in  indication  is  semi -random  and  depends 
largely  on  the  instantaneous  phase  front  of  the  incident  signal.  Due  to 
the  smallness  of  the  antenna  array,  small  aperture  systems  have  two  basic 
disadvantages:  the  sensitivity  is  severely  limited,  and  the  antenna  sys¬ 
tem  provides  little  or  no  phase  front  averaging.  Inus,  improved  tech¬ 
niques  for  sensitivity  improvement  and  bearing  estimate  variance  reduction 
are  highly  desired . 

Since  most  small  aperture  DF  systems  use  multiple  periodic  scans  of 
the  antenna  array  for  direction  of  arrival  observations,  a  logical  tech¬ 
nique  for  improving  performance  is  the  use  of  correlation  to  improve  the 
results  with  each  additional  antenna  scan.  In  principle,  an  improvement 
can  be  achieved  provided  undesirable  variations  become  uncorrelated  as 
time  progresses.  Based  on  this  general  approach,  a  number  of  signal  pro¬ 
cessing  techniques  have  been  investigated.  One  of  these  techniques, 
termed  "orthogonal  correlation,"  is  the  subject  of  this  paper.  This  tech¬ 
nique  is  based  on  the  use  of  correlation  detection  for  improving  sensi¬ 
tivity  and  reducing  variance.  Although  completely  general  in  concept, 
the  performance  of  orthogonal  correlation  will  be  evaluated  specifically 
for  small  aperture,  rotating,  coaxial  spaced  loop  and  spaced  vertical 
dipole  DF  systems.  The  technique  has  been  successfully  applied  to  simple 
loop,  spaced  loop,  and  spaced  vertical  dipole  DF  systems. 
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II.  Basic  Correlation  Detection 

The  basic  form  of  the  orthogonal  correlator  is  shown  in  Figure  1. 

The  input  signal,  e^(t),  is  a  simple  sinusoid  whose  average  phase  is 
related  directly  to  the  direction  of  arrival.  The  input  is 

e  .  (t)  *  a(t)  sin[o)  t  -  0  +  e(t)]  ,  (1) 

1  S 

where  uj  is  the  antenna  scan  rate,  9  is  the  azimuthal  arrival  angle,  a(t) 
s 

with  mean  greater  than  zero  is  a  time  variable  amplitude  due  to  modulation, 
noise,  fading,  etc.,  and  e(t)  is  time  variable  bearing  error  due  to  noise, 
polarization  changes,  and  ionospheric  variations.  The  phase  error  is  assumed 
to  be  confined  to  the  range  |e(t)|  <  j  .  The  signal  e^(t)  can  be  multiplied 
with  orthogonal  reference  signals  derived  from  the  antenna  scan  rate.  After 
lowpass  filtering  to  remove  the  double  frequency  terms,  we  have 

e  (t)  -  cos[0  -  e(t)] 

*  k ^-1  cos  9  cos  e(t)  +  b ^  sin  ®  s^n  e(t)  ,  (2) 

and 

ey(t)  *  b  ^  sin[0  -  e(t)] 

=  sin  0  cos  e(t)  -  cos  0  sin  e(t)  ,  (3) 

where  b(t)  represents  the  amplitude  after  filtering.  After  integration 
the  two  output  signals  are  of  the  form 

E  =  t  cos  0  b (t )  cos  e(t)  +  ^  sin  0  b(t)  sin  e(t)  (4) 

xo  2  l 

and 

E  -  ir  sin  0  b(t)  cos  e(t)  -  7  cos  0  b(t)  sin  e(t)  ,  (5) 

yo  2  2 

where  the  overhead  bar  indicates  time  averaging.  With  e(t)  ergodic  and 
stationary,  and  e(t)  a  0, 
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E  (b(t) 

sin  e  (t  )J  ■  0 

(6) 

and 

E  (b(t) 

cos  € (t)J  *  C,  C  >  0  , 

(7) 

where  E( 

)  is  the 

expectation  operator.  Therefore, 

E(E  ) 

xo 

C 

=  y  cos 

0 

(8) 

and 

E  (E  ) 
yo 

C  , 

=  2"  sin 

0  , 

(9) 

so  that 

F.(E  ) 

0 

=  tan  ^ 

yo 

(10) 

E  (E  )  ' 

xo 

The  steps  above  are  equivalent  to  time  cross-correlation  between  the  input 
signal  and  orthogonal  scan  waveforms,  i.e.,  for  example, 


R 

xs 


(0) 


x 

lim  ^  [  a(t)  sin  ud  t  sin[(uu  t  -  0  +  e(t)]dt 

T  -  *  J  n  3  s 


lim  ~  J  icos  [0  -  e  ( t ) ] 

T  —  oo  J  0  L 

-  cos  [2u)gt  -  0  +  e(t)]j-  dt 

n: 


cos  0 


lim 


a(t)  cos  e(t)dt 


T  “•  00 
sin  0 


lim  ^  [  a(t)  sin  e  (t)dt 

T  -•  oo  J  n 


<11) 


(12) 


-lim  h 

T  -  co 


cos  [2uu  t 
u  s 


0  +  c  (t)Jdt 


(13) 


C 

-  cos  0 


(14) 
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It  may  be  noted  that  the  correlation  process  tends  to  reduce  the  time 
variable  bearing  error  and  also  reduces  the  effects  of  signal  amplitude 
variations.  As  will  be  shown  in  the  following  discussion,  orthogonal  correla¬ 
tion  also  significantly  improves  the  SNR. 

The  correlator  outputs  (8)  and  (9)  can  be  used  to  generate  a  display 
of  the  bearing  estimate.  When  modulated  and  applied  to  an  XY  oscilloscope, 
the  display  is  in  the  form  of  a  line  which  indicates  azimuth.  Direct  digital 
readout  is  possibly  by  use  of  a  synchro  to  digital  converter. 

III.  Receiver  Models 

It  was  seen  above  that  the  correlation  technique  requires  an  input 
sinusoid  whose  phase  is  related  to  the  direction  of  arrival.  In  this  sec¬ 
tion,  the  antenna  and  receiver  configurations  to  meet  this  requirement  will 
be  described. 

Antenna  Output :  For  a  rotating  spaced -element  antenna  system  in  its 
normal  operating  mode ,  the  individual  element  voltages  are  subtracted 
to  yield 

EA  "  E1  -  E2 

*  G(\  0)  cos  [uu  t  -  2£l  cos  $  sin(u)  t  -  0)j 

c  A  s 

-G(\  ,iji  ,$,0 )  cos[u>  t  +  ^  cos  $  sin(u)  t  -  0)J  (15) 

c  A  s 

=  2G(\  ,i|f ,4 ,0)  sin[  cos  $>  sin(uu  t  -  0)]  sin  u)  t  ,  (16) 

AS  C 

element  response  which  in  general  is  a  function  of  frequency  and 
spatial  parameters, 

polarization  angle  of  the  incident  signal, 
antenna  scan  rate, 

elevation  angle  above  horizontal  of  the  incident  signal, 
azimuthal  direction  of  arrival, 
array  baseline, 


where  G  = 

♦  " 

ID  = 
S 

$  = 
0  = 
d  - 
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\  ■  wavelength,  and 
ojc  =  IF  or  RF  carrier  frequency. 

The  element  voltages  can  also  be  summed  to  yield, 


EZ  =  E1  +  E2 


2G(\,i| r , $ ,0 )  cos  [  ~  cos  $  sin(ou  t  -  6)]  cos  uu  t 

K  s  c 


(17) 


For  the  small  aperture  case,  d/\  <  <  1,  we  note  that  is  equivalent  to  a 
single  element  placed  at  the  center  of  the  rotating  array. 

For  a  coaxial  spaced  loop  DF  system,  loops  are  used  as  array  elements 
so  that  the  element  response  becomes 


GT  (\  $  ,0 )  =  cos  ijr  cos(iu  t  -  6)  +  sin  sin  $  sin(tu  t  -  0)  ,  (18) 

L  S  S 

where  the  \  dependence  has  been  suppressed  and  the  loop  response  normalized 
for  analytical  convenience. 

For  a  spaced  dipole  system,  vertical  dipole  elements  are  used  so  that 
the  normalized  element  response  becomes 


Gd(\  ,\|(,$,0)  =  cos  i|r  cos  $  .  (19) 

Dual  Channel  Receiver:  We  first  consider  the  use  of  a  dual  channel 
receiver  where  the  sum  and  difference  signals  can  be  processed  as  illus¬ 
trated  in  Figure  2.  From  equations  (16)  and  (17)  the  product  detector  out 
put  can  be  written  as 

E  .  =  2G(\  ,i|f,$,9)  sin[~  cos  $  sin(uu  t  -  0)]  sin  id  t 
SI  \  s  c 

•  2G(\  ,i|i  , $ ,0 )  cos[^-  cos  $  sin(uu  t  -  0)]  cos  (oj  t  +  Q)  (20) 

A.  s  c 

s  -G2  a.f.i.e)  sin  Q  s  in[  cos  $  sin(o)  t  -  9)]  ,  (21) 

\  s 

where  Q  is  the  IF  phase  shift  produced  by  the  adjustable  phase  shifter. 
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Noting  that  the  loop  element  voltage  (18)  can  be  written  as 


12  2  2 

Gl(\4,$,0)  =  /  cos  if  +  sin  i|f  sin  $  cos[uogt  -  6  -  a]  , 


(22) 


with 


a  =  tan 


•1  r  sin  sin  $  1 

L  cos  4  J  * 


and  using  the  short  baseline  assumption 


(23) 


d/\  <  <  1  , 


(24) 


(20)  reduces  to 

_  1  f  2  2  2  \  f  2nd  'N 

Eg^  =  -  j  (^cos  f  +  sin  ji  sin  sin  £  —j—  J  cos  $ 

•■fsin(u)  t  -  0)  +  r  sin(3tu  t  -  36  -  2a ) 

is  i  s 

-j  sin (uu^t  -  0  -  2of)|  ,  (25) 

where  the  double  frequency  terms  2mct  have  been  removed  by  filtering. 

Ignoring  the  third  harmonic  term  and  letting  Q  =  n/2,  (25)  reduces  to 

E  =  -h  (cos^  4  +  sin^  *  sin^  $)(  )  cos  $ 

s  i.  T  X. 


•  |sin(u)gt  -  0)  -  j  sin(uugt  -  0  -  20)|  . 


(26) 


The  synchronous  detector  output  for  spaced  loop  elements  can  also  be  expressed 
in  the  alternate  form 


2nd 


cos  $ 


2  3  2  2  1 

cos  \Jr  +  2“  sin  $  sin  i|r  I  sin(u)£ 


{U 

+  ^  sin  $  sin  2\|r  cos(ujgt  -  @)j-  . 


t  -  6 ) 


(27) 
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For  spaced  vertical  dipole  elements  and  using  the  short  baseline 
assumption  (24),  the  product  detector  output  would  be 

E  1  cos^  cos'*  $  sin(u)  t  -  0)  ,  (28) 

s  I  \  s 

where  again  Q  ■  j  . 

Single  Channel  Receiver:  For  many  applications,  it  is  desirable  to 
use  a  single  channel  receiver  to  simplify  the  RF  requirements.  Figure  3 
illustrates  a  model  where  single  channel  processing  is  used  to  generate  a 
correlator  drive  signal.  Noting  the  fixed  tt/2  phase  shifter  and  using  (16), 
(17)  and  (24),  the  receiver  IF  output  becomes 

E.  =  2G(X.,ty,$,6)  •  ^  cos  $  sin(uu  t  -  0)  sin  uu  t 
I  K  s  c 


+  KG (\  , ijt , $ , 0 )  sin  u)ct  ,  (29) 

where  K  is  an  amplitude  coefficient  for  E^,.  The  envelope  detector  output 
becomes 


«  |2G(\,f,t,e)  *  g  sin(uu  t  -  0)  +  KG(\,ijrf$,6)  |  ,  (30) 

s 


where  g 


rrd 

—  cos  $ 
K 


(31) 


Equation  (30)  can  be  written  as 


Ed1  =  |G(\,i|f,$,8)|  1 2g  sin(uagt  -  0)  +  K|  .  (32) 

Using  standard  Fourier  series  analysis,  it  can  be  shown  that 
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W  1  A  Q 

1 2fi  sin (cju  t  -  0)  +  K|  -  -K  + - -  +  =«■  sin  6, 

1  s  1  rr  tt  1 

+  ~  ^2K  sin  0^  +  0  sin  28^  +  2p© ^  -  gnj-  sin(u)gt  -  6) 

00 

+  n  I  {  I  sin  91  +  sln(n  +  l)  91  +  8i”<n  •  2>  9l} 

n=2 

cos  n(uust  -  8  -  j  )  ,  (33) 

where  K  +  2j3  cos  8^=0  defines  8^. 


For  a  spaced  loop  array  it  can  also  be  shown  that 


yo  9  9 

cos  i| i  +  sin  ^  sin  $ 

00 

-{n  +  n  I  (-1)n  [jirVl  -  2^T  ]  C0S  2n<V  '  9  -  “>}  ■ 

n=l 


(34) 


The  product  of  (33)  and  (34)  produces  a  complete  expression  for  a 
spaced  loop  array  used  with  the  single  channel  receiver  model;  however, 
only  the  fundamental  component  is  of  interest  so  that  harmonic  terms  can 
be  dropped.  In  general,  the  amplitude  of  the  fundamental  term  itself 
depends  on  higher  order  harmonic  mixing  so  that  in  order  to  simplify  the 
results,  only  the  significant  fundamental  term  will  be  retained.  Thus, 
it  is  found  that 


ed  (23  V  0  sin  28r  3tt) 


rr  2  ...  2  .  2  _  1  r  COS  *  -  sin  $  sin  *M 

•1  J  cos  ♦  +  sin  ♦  sin  *  -  Tv  /  J  *  2  1  2  * )  : 

J  Jcos  if  +  sin  if  sin  $  J 


sin(uugt  -  8) 


.  1  f  sin  $  sin  2ilf  ,  „ 

»  ,  i  ,  g  ;,t:  coa(v  • 9); 

J  cos  i/  +  sin  i/  sin  $ 


(35) 


8 


For  a  spaced  vertical  dipole  array, 


|Gd(\,M,8)|  -  cos  $  |cos  i|r|  ,  (36) 

so  that  the  product  of  (33)  and  (36)  produces  a  complete  expression  for  a 
spaced  vertical  dipole  array  used  with  the  single  channel  receiver  model. 
The  fundamental  component  which  is  of  interest  would  be 

Ep  *  ~  cos  $  |  cos  |  ^2K  sin  0^+0  sin  20^ 

+  200^  -  0rrj-  sin(ougt  -  0)  .  (37) 


IV.  Polarization  Dependence 

For  most  ionospher ically  propagated  signals,  the  properties  of  the 
received  signal  depend  on  the  signal  amplitude,  polarization,  elevation 
angle,  and  array  parameters.  Of  the  time  variable  factors,  signal  polariza¬ 
tion  has  the  most  significant  effect  on  small  aperture  DF  performance. 

From  the  results  of  the  preceding  section,  it  is  apparent  that  the  polariza¬ 
tion  parameter  i|i,  in  general,  affects  the  phase  and  amplitude  of  the  correla¬ 
tor  drive  signals.  As  shown  in  Section  II,  the  amplitude  variations  do  not 
influence  the  bearing  estimate;  however,  phase  variations  in  the  correlator 
drive  signal  can  produce  error.  In  this  section,  errors  due  to  polariza¬ 
tion  dependence  are  considered. 

From  equations  (26)  and  (35)  it  is  apparent  that  the  phase  of  the 
correlator  drive  signals  for  a  spaced  loop  array  not  only  depends  on  the 
azimuthal  direction  of  arrival,  but  also  depends  on  the  polarization  charac¬ 
teristics  of  the  incident  signal.  This  dependence  results  from  the  fact 
that  the  loop  antenna  responses  for  the  array  elements  are  a  function  of  the 
signal  polarization.  This  dependence  is  apparent  in  equation  (18)  and 
can  produce  errors  in  the  estimate  of  the  bearing  angle.  As  can  be  seen 
from  (28)  and  (37)  a  spaced  vertical  dipole  system  is  not  subject  to  polari¬ 
zation  error,  and  can  be  used  to  prevent  polarization  dependence.  For  the 
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coaxial  spaced  loop  array,  the  effects  of  signal  polarization  will  depend 
primarily  on  the  polarization  time  dependence.  It  should  be  noted  that 
an  instantaneous  display  of  the  envelope  of  the  signal  in  (16)  results  in 
a  pair  of  antenna  nulls  which  are  independent  of  polarization  and  a  pair 
of  nulls  which  are  dependent  on  polarization.  This  method  of  display  is 
conventionally  used  with  a  rotating  spaced  loop  DF  system.  The  correlator 
receiver  models  combine  the  antenna  responses  to  produce  a  single  correla¬ 
tor  drive  signal. 

Dealing  first  with  static  polarization  error,  e  ,  for  the  spaced 

P 

loop  array  when  i|f  is  constant,  it  is  straightforward  to  show  from  equa¬ 
tions  (26)  and  (35)  that 


ilm  tt/2 


0. 


(38) 


The  maximum  polarization  error  occurs  when  $  =  tt/2  and  \|r  =  rr/4  and  can  be 
shown  to  be  about  26.5°  for  the  dual  channel  receiver  model  and  about  18.5° 
for  the  single  channel  receiver  model.  It  is  evident  from  equations  (28) 
and  (37)  that  aside  from  amplitude  variations,  static  values  of  i|r  do  not 
produce  errors  in  the  spaced  dipole  array. 

In  order  to  describe  the  effects  of  time  variable  polarization,  a 
model  must  be  assumed  for  the  distribution  of  For  many  cases  of  interest, 
it  has  been  found  that  ^  is  approximately  uniformly  distributed  0  to  2tt 
degrees.  This  model  will  be  used  to  illustrate  the  correlator  performance 
for  time  variable  polarization. 

Consider  first  the  spaced  loop  array.  Since  Eg  and  display  similar 
dependence,  only  the  single  channel  receiver  model  will  be  evaluated.  With 
reference  to  equation  (35)  and  the  correlator  of  Figure  1,  the  correlator 
outputs  can  be  shown  to  be 
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1 


This  result  indicates  that  provided  that  the  polarization  is  uniformly  dis¬ 
tributed,  correlation  will  produce  an  accurate  result.  In  the  more  general 
case,  polarization  will  produce  no  net  error  if  is  summetr ically  distri¬ 
buted  about  the  point  =  0.  Otherwise,  polarization  errors  will  occur  as 
indicated  above. 


11 


Again  for  the  spaced  dipole  array  E  and  En  display  similar  dependence 

S  u 

so  that  for  brevity  consider  only  the  single  channel  receiver  model.  Using 
equation  (37)  and  with  reference  to  Figure  1,  the  correlator  outputs  are 
found  to  be 


E 

KO 


cos  8 


cos 


tl  <4 


(45) 


and 


E 

yo 


sin  8 


t 


cos 


♦  I 


(46) 


where  constant  amplitude  factors  independent  of  \ji  have  been  dropped. 
Obviously  the  bearing  estimate  based  on  the  arctangent  of  the  ratio  of 
(46)  and  (45)  does  not  depend  on  i|r. 


V.  SNR  Improvement  and  Variance  Reduction 

To  fully  describe  the  performance  of  the  orthogonal  correlator,  the 
output  SNR  and  output  angle  variance  as  a  function  of  the  input  SNR  and 
variance  must  be  determined.  For  all  receiver  models,  the  signal  at  the 
input  to  the  correlator  can  be  represented  by 


Ei(t)  =  A  sin[u)st  -  0  +  e  (t ) ]  +  n(t)  ,  (47) 

where  A  is  the  amplitude  of  the  input  signal,  e(t)  is  the  input  phase  error 
due  to  all  causes,  and  n(t)  is  the  input  noise.  The  noise  component  n(t) 
can  be  represented  by 


n(t)  =  n  (t)  cos  (uo  t  -  8)  -  n  (t)  sin(tu  t  -  8)  ,  (48) 

x  s  y  s 

v  ere  n  (t)  and  n  (t)  are  quadrature  noise  components.  Thus, 
x  y 

E  (t)  «  [A  sin  e(t)  +  n  (t)]  cos(uu  t  -  8] 

1  X  s 

+  [A  cos  e(t)  -  n  (t)l  sin(uu  t  -  8)  •  (49) 

y  s 
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After  multiplication  by  orthogonal  replicas  of  the  scan  signal  and  lowpass 
filtering  and  integration,  the  correlator  outputs  become 


xo 


(t)  =  cos  0  cos  e(t)dt  -  J  riy(t)  dtj 

+  sin  0  [A  sin  e(t)dt  +  J  n^(t)  dtj 


and 


EyQ(t)  ■  sin  0  [~ A  J  cos  e(t)  -  J  n^(t)  dtj 

os  0  H  sin  e(t)  dt  +  J  n^  (t )  dtj 


-  c< 


(50) 


(51) 


The  outputs  ExQ(t),  E^Q(t)  can  be  visualized  as  representing  the  vector 
sum  of  four  vectors:  a  "signal"  vector  at  angle  0, 

a  "noise"  vector  at  angle  0, 
a  "noise"  vector  at  angle  0  +  tt/2  ,  and 
an  "error"  vector  at  angle  0  +  rr/2. 

The  signal  vector  magnitude  is  defined  to  be 

S v  =  y  cos^  0  [" A  J  cos  e(t)dtJ2  +  sin^  0  ^A  J  cos  e(t)  dtj^  (52) 

=  A  j  cos  e (t)  dt  .  (53) 

Jt 

Noting  that  n^(t)  does  not  produce  output  error,  the  noise  vector  magnitude 
is  defined  to  be 


n  =  A  sin 
V  -t 


sin  e  ^t )  +  [  n  (t )  dt  . 
J  .  J  .  x 


(54) 


The  output  vector  angle  is  seen  to  be 

A  J  sin  e (t )  + 


0  =  8  -  tan 

v 


1  [  -■* 


n  (t)  dt 
x 


A  |  cos  e  (t )  dt 


]• 


(55) 
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The  following  assumptions  simplify  the  final  results: 

e(t)  small  with  e(t)  -  0,  |e(t)|  <  tt/2  ,  (56) 

e(t)  approximately  gaussian 

sin  e  (t)  sa  e  (t) ,  (57) 

cos  e  (t)  «  1,  and  (58) 

n(t)  gaussian  with  n(t)  =  0.  (59) 

Based  on  these  assumptions,  and  assuming  integration  from  0  to  T,  it  is 
apparent  that 

rT 

A  cos  e(t)  dt  =  AT  (60) 

J0 

aiK*  pT  T 

A  |  Gin  e(t)  dt  =  A  [  e(t)  dt  .  *  (61) 

J0  "  0 

The  output  SNR  can  now  be  defined  as  the  ratio  of  the  expected  mean  square 
value  of  the  signal  vector  to  the  expected  mean  square  value  of  the  noise 
vector ,  i.e . , 


(SNR)q  = 


2  2 
A  T 


EM„£<t)  +Ln*(t)  dt) 


Now  using  the  fact  that  e(t)  and  n  (t)  are  independent  and  the  fairly  common 
1  x 

approximation, 


r  i  rT  i  ° 

It  J .  x(t)  dtJ  w  2B  T  » 


14 


it  is  found  that 


(SNR) 


(64) 


0  ct  a 
A2  tA:  +  n 


2B  T  2B  T 
€  n 


where  a  is  the  variance  of  the  input  vector  phase,  B  is  a  measure  of  the 

e  2  e 

bandwidth  of  e(t),  cr  is  the  variance  of  the  input  noise,  B  is  a  measure 

n  n 

of  the  input  noise  bandwidth,  and  T  is  the  integration  time.  Using  a  similar 


definition  for  input  SNR,  we  find 

.2 


(SNR) 


_A_ 

2 


.2  2  a.  2 

A  a  +  a 
e  n 


(65) 


A  measure  of  the  correlator  SNR  improvement  can  be  obtained  from 


(SNR)0 

(SNR). 


2T 


2B 

e 


(66) 


For  the  case  of  no  error  variance,  a  =  0, 


(SNR)q 

(SNR). 


and  for  no  noise, 

(snR)q 

(SNR)t 


=  4B  T  , 
n 


=  4B  T  . 
e 


(67) 


(68) 
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From  equations  (66),  (67)  and  (68)  it  is  apparent  that  (SNR)q  increases 
with  integration  time.  In  principle,  correlation  will  extract  any  signal 
regardless  of  the  input  SNR  if  unlimited  integration  time  is  allowed. 

Note  from  equations  (67)  and  (68)  that  (SNR)q  varies  inversely  with  noise 
or  error  bandwidth.  This  dependence  demonstrates  that  correlation  is  more 
useful  for  highly  erratic  (large  error  bandwidth)  signals  than  for  relatively 
stable  (low  error  bandwidth)  signals. 

From  (55)  the  correlator  output  bearing  error  is 


0 


eo 


tan 


-1 


[ 


(69) 


where  the  approximations  (56)- (59)  have  been  used.  Assuming  that  the  arc¬ 
tangent  argument  becomes  small  with  integration,  (69)  reduces  to 


The  input  phase  variance  is 

2 


The  ratio  of  output  to  input  variance  becomes 


VAR[0]o 
VAR  [0] 


2B  T 
e 


+  71 


A*  2B  T 
n 


2  ,  _n_ 

a  +  T 
e  A2 


(70) 

(71) 

(72) 


(73) 
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With  no  error ,  a 


2 


0,  this  ratio  becomes 


VAR[6jo 
VAR  1_  Q  J 


_ 1__ 

=  2B  T  ’ 
n 

0 


and  with  no  noise, 


0 


VAR[e]0 
VAR  [dj 


_ 1_ 

2B  T  ' 
e 

0 


(74) 


(75) 


Note  from  equations  (74)  and  (75)  that  the  output  variance  decreases 
inversely  with  integration  time.  Again,  this  result  indicates  that  corre¬ 
lation  is  useful  for  reducing  the  variance  of  the  estimate  for  the  bearing 
angle.  In  general,  the  greatest  improvement  in  variance  is  evident  for 
large  error  bandwidths. 

VI.  Multiple  '.omponent  Waves 

It  is  ins*  »*u  live  to  consider  the  response  of  the  correlator  to  multiple 
component  fnc  dent  waves.  An  analysis  of  this  case  for  the  dual  channel 
receiver  model  is  straightforward .  Since  the  final  result  for  the  spaced 
dipole  array  is  identical,  the  analysis  is  presented  only  for  the  spaced 
loop  array.  For  simplicity  let  (r  =  0.  The  spaced  loop  differential  sig¬ 
nal  for  N  components  becomes 
* 

E  ■  )  a  (t)  cos(u)  t  -  9  )  sin(u)  t  -  6  )  cos|_u>  t  +  C  (t)j,(76) 

hLjn  sn  sn  c  n 

n=l 

and  the  corresponding  sum  signal  becomes 
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(77) 


N 

EE  ‘  l  bn(t>  COs(a>st  0^)  COs[o)ct  +  Cn(t)], 
n=l 

where  is  the  azimuth  arrival  angle  of  the  n'th  signal,  6n ( t )  is  the 
amplitude  of  the  n'th  signal,  and  £n(t)  is  the  RF  phase  of  the  n'th  signal. 
After  the  product  detector  and  lowpass  filter  (Figure  3)  the  output  is 
expressed  by 
N  N 

E  y  a  (t)  b  (t)  cos  (6  -  e.)cos[C  (t)-C  (t)]-sin(uu  t  -  0  )  .  (78) 

s  Lj  L,  n  i  ni  n  ®i  s  n 

n=l  n=l 


Now  at  the  correlator  outputs, 

N  N 

E»o"l  {I  l  an(t)bi(t)co8(6o-81)coS[Cn(t)-C1(t)]cosen}dt  (79) 
C  n=l  n=l 

and 

N  N 

Eyo  =  J  {II  an(t)bi(t)cos(0n-  0.)c.os[;n(t)-Ci(t)J  sin  6n  }  dt  .  (80) 
1  n=l  n=l 

As  a  realistic  model  it  can  be  assumed  that  Q  (t)  -  Q.(t)  is  uniformly  dis 

n  l 

tributed  0  to  2rr  radians  and  that  the  amplitude  is  independent  of  the  RF 
phase.  With  these  assumptions  and  recognizing  that  ^^(t)  =  C  an(t), 

T 

E  {  T  J  an^  bi^  cos  ECn(fc)  "  Ci(t)Jdt}  =  0  (81> 

o 

for  i  ^  n,  and 
T 

E  {  T  J  an(t)  bi(t)  C°S  [Cn(t)  '  Ci(t);i  dt} 
o 

T 

-  E  (  |  J  C  aR2(t)  dt|  for  i  =  n.  (82) 
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Therefore , 


E 

xo 


and 


E 

yo 


where 

P 

n 


P  cos  0  , 

n  n 


P  sin  6  , 

n  n  ’ 


(83) 


(84) 


(85) 


Note  that  can  be  associated  with  the  power  content  of  the  n'th  component. 
The  resultant  estimate  of  the  azimuth  angle  will  be 


6 


tan 


I 


sin 


n 


-1  i=l 


cos  0 

n 


(86) 


Note  that  the  correlator  output  angle  is  exactly  the  angle  of  the  resultant 
input  vector.  Thus,  when  processing  a  multiple  component  signal  with  the 
dual  channel  receiver,  the  display  angle  is  the  power  weighted  vector  resul¬ 
tant  angle  of  all  incident  signals.  A  result  exactly  equivalent  to  (86) 
can  be  demonstrated  for  a  spaced  dipole  array  used  with  a  dual  channel 
receiver . 


VII,  Application  of  Correlation  Detection 

Orthogonal  correlation  has  been  implemented  for  several  small  aperture 
DF  systems  including  simple  loop,  spaced  loop,  and  spaced  vertical  dipole 
systems.  Results  have  demonstrated  a  significant  improvement  in  sensitivity 
along  with  variance  reduction  for  some  of  the  DF  systems.  Recently,  an  exist¬ 
ing  operational  spaced  loop  DF  system  [AN/VRD-(  )]  was  modified  to  include 

2 

the  orthogonal  correlation  technique. 
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Operational  considerations  for  the  correlation  technique  include 
methods  of  practical  implementation,  signal  acquisition  time,  and  maximum 
correlation  time.  In  general,  analog  implementation  methods  have  been 
used  with  reliance  on  the  current  availability  of  high  performance  opera¬ 
tional  amplifiers,  analog  multipliers,  and  integrated  circuits.  The  integra¬ 
tors  for  the  correlator  have  been  designed  around  operational  amplifier 
integrators  with  provisions  for  hold  and  reset  modes.  Signal  acquisition 
times  have  been  optimized  by  incorporating  a  short  term  correlator  for 
rapid  acquisition  with  automatic  switchover  to  long  term  correlation. 

Weighted  as  well  as  true  integration  modes  have  also  been  investigated. 

Analog  correlators  with  maximum  integration  time  of  up  to  5  minutes  have 
been  constructed  and  tested. 

Test  results  under  a  variety  of  signal  conditions  substantiate  the 
analytical  results  presented  herein.  It  has  been  demonstrated  that  correla¬ 
tion  significantly  improves  the  capability  for  obtaining  a  bearing  estimate 
on  weak  signals.  With  correlation  times  of  about  60  seconds,  SNR  improve¬ 
ments  of  about  15  dB  and  25  dB  have  been  measured  for  a  single  channel 
receiver  and  dual  channel  receiver  respectively.  Results  obtained  from 
spaced  loop  DF  systems  validate  polarization  dependence  and  indicate  that 
polarization  errors  will  average  out  for  symmetric  distributions  of  the 
polarization  vector. 

Bearing  data  obtained  with  correlation  detection  and  compared  with 

bearing  data  obtained  from  conventional  displays  under  the  same  conditions 

3 

demonstrate  that  variance  reduction  is  possible.  Signal  propagation  con¬ 
ditions  for  data  collection  ranged  from  low  angle  skywave  to  very  high 
angle  skywave  combined  with  a  weak  groundwave  component.  Generally,  the 
standard  deviation  for  correlative  bearing  data  obtained  with  a  spaced 
dipole  array  is  about  one  half  of  the  standard  deviation  for  conventional 
bearing  data.  No  significant  reduction  (or  increase)  in  variance  has  been 
obtained  with  spaced  loop  arrays;  this  result  is  probably  due  to  polariza¬ 
tion  bias  errors  produced  by  asymmetric  polarization  distribution.  Efforts 
are  currently  underway  to  alleviate  the  spaced  loop  polarization  effects 
on  correlation. 
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Orthogonal  correlation  has  been  found  to  be  an  effective  means  for 
removing  signal  modulation  effects  from  a  DF  display.  In  many  cases  it 
has  been  observed  that  operator  response  time  is  improved  with  correlation, 
albeit  time  is  required  for  developing  an  estimate.  Erratic  signal  condi¬ 
tions  are  particularly  well  suited  for  correlation.  The  apparent  random¬ 
ness  many  times  produces  useful  bearing  estimates. 

VIII.  Conclusions 

Orthogonal  correlation  is  an  effective  method  for  improving  the  per¬ 
formance  of  DF  systems.  For  time  variable  errors  symmetrically  distri¬ 
buted  about  the  mean  direction  of  arrival,  correlation  reduces  the  variance 
inversely  proportional  to  the  integration  time.  Unless  special  processing 
is  used,  correlation  used  with  a  coaxial  spaced  loop  DF  system  is  sensitive 
to  polarization  errors  with  the  amount  of  error  dependent  on  the  distribu¬ 
tion  of  the  polarization  vector.  Bearing  estimates  obtained  from  spaced 
vertical  dipole  arrays  do  not  exhibit  polarization  dependence.  Correlation 
produces  an  improvement  in  SNR  directly  proportional  to  the  correlation 
time.  Test  results  indicate  that  15  to  25  dB  improvements  are  possible 
with  correlation  times  of  about  60  seconds. 

With  the  use  of  orthogonal  correlation,  modulation  tolerance  is  in¬ 
creased  and  display  readability  is  enhanced. 
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REAL-TIME  COMPUTER  PROGRAMMING  TECHNIQUES  FOR 
RADIOLOCATION  PROBLEMS 

ABSTRACT 

The  close  interrelation  of  real  t;me  DF  and  SSL  software  with 
corresponding  control  hardware  is  reviewed.  The  development  and 
processing  of  logic  decision  tables  from  system  control  functions  is 
described. 


I.  INTRODUCTION 

Automatic  systems  can  perform  many  radiolocation  tasks 
better  than  man.  They  can  collect  location  generating  data,  per¬ 
form  statistical  analysis,  record  and  display  results,  and  operate 
special  equipment  faster  and  with  more  accuracy  than  a  man.  It 
remembers  better;  it  can  tell  when  signals  are  too  weak  or  too  strong 
for  its  sensors;  and  it  can  handle  a  myriad  of  detail  and  be  attentive 
for  long  periods. 

The  man  is  sophisticated  in  identifying  targets  of  interest  and 
controlling  data  acquisition,  e.  g.  ,  stop  during  periods  of  interference, 
"tag"  co-channel  signals,  and  to  decide  when  enough  data  has  been 
taken.  In  operating  a  well  designed,  automated  system,  the  operator 
directs  and  the  machine  does;  the  man  is  not  required  to  wait  for  the 
computer  to  request  information  but  rather  he  enters  commands  as 
he  requires.  Put  man  and  machine  together  in  this  system  approach 
and  the  result  is  higher  performance  than  either  could  produce  alone. 

II.  OPERATING  SYSTEMS 

An  "operating  system"  is  the  computer  program  that  enables 
man  and  machine  to  work  together.  The  man  doesn't  direct  the 
"computer";  he  directs  an  operating  system  program.  (Figure  1).  A 
directing  type  of  operating  system  is  dormant  except  while  processing 
and  responding  to  operator  commands  or  system  alarms. 

The  control  program  is  that  part  of  the  operating  system  that 
responds  to  the  commands  and  goes  dormant  as  other  programs 
execute  tasks  scheduled  by  the  control  program  (Figure  2).  The 


COMPUTER 


4 


control  program  is  dormant  but  alert.  Its  reactivation  is  not  dependent 
on  the  system  status  or  place  in  a  program  but  only  on  the  operator's 
command.  This  alertness  is  the  key  to  having  the  man  direct. 

The  real-time  "executive"  or  executive  program  provides  the 
alert  factor  for  the  control  program  and  generally  coordinates  pro¬ 
grams  and  input-output  (Figure  3).  It  handles  allocation  of  system 
resources  to  the  programs  it  controls  and  in  real-time  programming 
it  schedules  programs  to  operate  at  specified  times.  The  executive 
program  is  an  environment  which  permits  programs  to  operate  con¬ 
currently  without  interference.  The  same  kinds  of  interaction  can  be 
had  without  an  executive  program  but  the  executive  simplifies  pro¬ 
gramming  by  providing  a  single  method  for  all  interprogram  coordina¬ 
tion.  For  example,  the  executive  can  coordinate  concurrent  input  of 
new  data,  calculation  on  recent  data  and  the  output  results  of  old 
data  while  all  of  yesterday's  data  is  being  dumped  from  secondary 
storage  to  magnetic  tape.  Good  real-time  executive  software  allows 
the  system  programmer  to  concentrate  on  the  main  task  (in  this  case, 
radiolocation)  rather  than  becoming  involved  with  multiprogramming 
software  development. 

III.  HARDWARE  CONSIDERATIONS 

Since  the  objective  in  a  real-time  radiolocation  system  is  to 
have  the  computer  program  respond  to  external  events,  especial! 
the  control  panel,  an  input-output  interrupt  system  is  esM’iii,  ’  The 
main  idea  of  an  interrupt  system  is  to  allow  events  extc 1  ijl  to  Hie 
computer  to  interrupt  and  suspend  a  running  program,  execute  <i 
program  appropriate  to  the  external  event  and  resume  the  interrupt 
program  at  the  point  it  was  interrupted.  The  interrupt  system  allow* 
the  computer  to  compute  where  it  would  otherwise  be  waiting  for  input 
or  output. 

The  interrupt  system  uses  hardware  in  the  interface  between 
the  input-output  bus  to  cause  the  computer  to  "mark  place  and  jump" 
to  a  routine  that,  will  service  the  interrupt.  Figure  4  shows  the  SSL 
system  hardware  and  three  interfaces,  each  capable  of  generating  an 
interrupt.  All  three  can  be  active  concurrently  since  the  input  and 
output  bus  of  the  computer  is  time  shared  by  active  devices.  The 
control  panel  can  interrupt  with  a  command  while  the  analog  digital 
connector  is  inputting  location  data  and  the  console  is  reading  the 
system  clock.  Table  1  lists  the  devices  controlled  by  the  interface. 

The  need  to  allow  the  operator  to  hold  an  index  key  down  to  acquire 
data  gave  some  problems  until  it  was  decided  to  let  the  programs 
involved  restrobe  the  control  panel  when  a  key  might  still  be  depressed. 
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FIGURE  4.  HARDWARE  INTERFACE 


TABLE  1 


Devices  under  program  control  include: 

(1)  Control  panel  keyboard  --  The  initialization  of  all  com¬ 
puter  functions  with  respect  to  real-time  on-line  data 
acquisition 

(2)  Output  instructions: 

(a)  Set  the  RF  input  sequencing  mode 

(b)  Set  ionospheric  sounder  high  and  low  frequency 
sweep  limits  and  sounder  operating  modes 

(c)  Set  control  panel  status  indicators  (illuminated 
switches) 

(d)  Set  receiver  calibrate  and  operate  modes  (including 
automatic  phase  and  gain  balance,  phasemeter 
balance,  pilot  signal  inspection,  etc.  ) 

(e)  Addresses  for  input  multiplexer 

(3)  Inputs: 

(a)  Read  receiver  frequency  and  status 

(b)  Read  sounder  frequency  and  status 

(c)  Read  RF  sequencer  operating  mode 

(d)  Read  time-of-day  clock 

(e)  Read  lonosonde  data  from  spectrum  analyzers 
(amplitude  and  phase) 

(4)  The  analog-to-digital  converter  processes  the  phase 
angle  and  amplitude  data  from  the  interferometer  system 
accompanied  by  identification  data  in  a  digital  format  that 
forms  part  of  the  digital  word  entered  into  the  computer 
for  each  A/D  conversion. 
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The  restrobe  simulates  the  man  depressing  the  key  a  second  time. 

As  restrobes  occur  50  to  100  ms  after  the  initial  event,  the  likelihood 
of  a  second  key  being  depressed  in  the  interim  is  remote.  The  worst 
effect  would  be  a  second  occurence  of  the  second  key. 

IV.  CONTROL  SYSTEM  DESIGN 

Recent  efforts  at  Southwest  Researc  h  Institute  have  included 
the  design  of  a  single-site  radiolocation  system  to  be  operated  by  a 
man  with  the  aid  of  an  8K  word  computer  and  a  disc  for  secondary 
storage.  After  identification  of  a  signal  of  interest,  an  ideal  system 
would  be  one  which  provides  location  of  the  target  with  a  minimum  of 
action  on  the  operator's  part.  For  two  important  reasons  the  system 
final  design  provides  21  buttons  for  the  various  operator  options: 

(l)  more  than  one  task  is  performed  by  the  system  and  (2)  the  operator 
must  have  means  to  control  data  acquisition  and  to  direct  the  disposi¬ 
tion  of  data  once  acquired. 

Major  tasks  are  intercept,  direction  finding,  location,  and 
sounder  operations.  Some  control  functions  are  data  collect,  data 
end,  and  data  mode  selection  (analog  or  digital).  These  tasks  are 
integrated  by  a  control  program  using  a  control  panel  for  the  operator. 

The  control  system  design  procedure  (Figure  5)  takes  into 
account  the  close  interrelation  of  real  time  radiolocation  software 
and  corresponding  control  hardware.  The  procedure  was  executed 
in  three  steps:  (1)  control  flow  analysis,  (2)  decision  table  definition, 
and  (3)  sequential  testing  procedure.  The  output  is  a  ilow  chart  and 
detailed  documentation  describing  the  system  ready  for  programming. 

V.  MAN-MACHINE  INTERFACE 

Interface  design  must  carefully  consider  the  flow  of  decision 
and  make  sense  to  a  wide  range  of  operators.  Figure  6  shows  the 
current  SSL  control  panel.  Each  key  represents  a  decision  that  the 
operator  can  make.  At  any  time,  this  control  panel  "tells"  the 
operator  the  current  state  of  the  system  and  what  succeeding  command 
options  are  available  to  him  by  using  three  levels  of  illumination  for 
each  key.  Off  means  this  key  is  not  an  option;  dim ,  this  key  is  an 
option;  and  bright,  this  key  has  been  selected.  Figure  7  shows  a 
sample  sequence  to  demonstrate  the  idea.  Note  also  that  the  keys  are 
placed  in  the  order  expected  during  operation  and  a  "trail"  of  bright 
keys  reminds  the  operator  what  he  has  set  up. 
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FIGURE  6  CONTROL  PANEL 
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VI.  CONTROL  FLOW 


Figure  8  shows  the  normal  control  flow  of  the  system  which 
is  very  similar  to  the  control  panel  except  that  it  shows  normal 
sequences  of  control.  Note  the  duplication  of  names.  If  the  DATA 
COLLECT  key  is  depressed,  the  action  required  depends  on  which 
line  is  being  followed  on  the  control  flow  diagram.  Similarly,  the 
operations  to  be  scheduled  after  a  DATA  END  vary  depending  on 
whether  the  mode  is  ANALOG  or  DIGITAL  and  whether  the  task  is 
direction  finding  (DF)  or  location  (LOCATE).  We  can,  however, 
define  each  meaningful  move  and  detail  tasks  to  fulfill  the  move. 

Many  moves  on  the  control  flow  diagram  allow  the  operator  to  recover 
when  he  makes  false  starts  or  wishes  to  CONTINUE.  These  are 
necessary  both  for  normal  operation  as  when  a  signal  goes  off  and  to 
make  it  easy  for  the  novice  operator  who  makes  an  error. 

The  control  flow  diagram  (Figure  8)  also  indicates  five  levels 
of  command  flow.  If  the  current  level  is  known  and  we  know  what  keys 
are  active  in  the  current  and  previous  levels,  we  can  deduce  the  next 
move  when  a  key  is  depressed.  This  relieves  us  of  testing  at  specific 
points  in  a  program  and  permits  "setting  switches"  to  redirect  pro¬ 
gram  flow.  The  actual  method  used  is  a  function  of  the  executive  and 
will  not  be  discussed  further.  To  be  considered  is  how  to  interpret 
the  commands  in  a  way  that  allows  additions  and  changes  with  mini¬ 
mum  reporgramming. 


VII.  DECISION  TABLES 

Decision  tables  provide  a  method  of  organizing  decision  and 
resultant  actions.  Figure  9  is  an  example  of  a  decision  table  for 
taking  a  bearing.  Figure  10  shows  a  portion  of  a  decision  table  that 
describes  a  single  site  location  system.  The  conditions  are  "keys 
and  flags"  and  the  actions  show  the  responses  to  the  rules.  What  the 
tables  do  not  show  is  how  to  test  the  conditions  efficiently  with  a 
computer.  In  the  present  system,  there  are  34  conditions  involved 
in  defining  36  rules.  A  straight  forward  approach  is  to  inspect  the 
conditions  rule -by- rule.  Assuming  a  uniform  distribution,  17  condi¬ 
tions  of  18  rules  are  tested  for  each  decision  for  a  total  of  306  tests. 
This  is  a  highly  redundant  and  time  consuming  testing  procedure  for 
a  real  time  system.  Another  method  is  to  establish  "masks"  that 
conform  to  the  yes,  no,  and  don't  care  conditions  in  the  table.  This 
makes  setting  flags  take  a  little  longer  in  addition  to  the  redundant 
operations  which  are  required  to  test  the  masks. 


LEVEL  LEVEL  LEVEL 


FIGURE  8C  CONTROL  FLOW  DIAGRAM 
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FIGURE  9.  A  DECISION  TABLE 
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VIII.  SEQUENTIAL  TESTING  PROCELURE 


The  method  used  for  the  SSL  system  is  a  sequential  testing 
procedure,  providing  a  method  for  converting  decision  tables  into 
binary  flow  charts  such  that  no  test  is  made  more  than  once  while 
determining  the  rule  (Figure  11).  For  34  conditions,  not  more  than 
34  tests  are  needed  to  determine  the  rule.  The  procedure  is  detailed 
in  references  (1)  and  (2). 

The  procedure  makes  two  smaller  decision  tables  based  on  the 
1,  0,  and  (6  for  one  condition.  An  algorithm  minimizes  the  number  of 
smaller  decision  tables  which  must  in  turn  be  divided  until  only  a 
single  rule  remains.  The  minimizing  and  dividing  procedure  was 
programmed  on  a  time  shared  computer  for  interactive  operation. 

Each  operation  of  the  program  outputs  two  smaller  decision  tables 
ready  as  input  for  another  "pass"  at  the  program.  When  an  output 
table  contains  only  one  rule,  the  remaining  conditions  are  tested  and 
the  rule  found.  When  an  output  table  is  empty  either  a  rule  has  been 
found  as  for  Rule  06  or  the  null  rule  (error  in  this  case)  is  invoked. 

Ambiguous  and  redundant  rules  end  up  with  decision  tables 
that  output  themselves  and  a  null  rule.  A  small  program  was  pre¬ 
pared  which  analyzed  the  initial  decision  table  for  ambiguities.  As 
suggested  in  Reference  (2),  ambiguities  arise  when  it  is  known  that 
certain  conditions  cannot  exist  simultaneously.  The  ambiguity  is 
usually  remedied  by  adding  a  condition  (1  or  0)  to  the  rule. 

DC.  SUMMARY 

The  three  part  procedure,  control  flow  analysis,  decision  table 
definition,  and  sequential  testing  procedure,  provides  a  detailed  state¬ 
ment  of  the  action  required  in  response  to  a  decision  and  a  semiauto¬ 
matic  conversion  to  a  program  flow  chart  for  rule  determination.  The 
action  required  of  a  rule  is  effected  by  "setting  program  switches" 
and  interacting  with  the  real-time  executive  which,  in  fact,  controls 
program  flow.  The  result  is  a  flexible,  responsive  control  system 
that  lets  the  man  direct  and  the  computer  do. 
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FIGURE  11.  EXTRACT  FLOW  CHART 
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I.  Pre-Computer  RDF  System 

The  RDF  system  located  at  the  Bondvllle  Road  Field  Station  processes 
signals  received  by  a  Wullenweber  circularly  directed  antenna  array  (CDAA) 
and  generates  both  an  analog  display  and  a  digital  record  of  signal  pat¬ 
terns.  This  report  is  concerned  primarily  with  the  digital  record. 

The  system  elements  are  diagrammed  in  Figure  1.  The  signals  from 
the  receiver  feed  into  the  high  speed  data  system  (HSDS)  where  they  are 
converted  to  digital  form  and  subsequently  stored  on  magnetic  tape  in  a 
format  suitable  for  decoding  by  a  remote  computer.  Timing  and  synchroni¬ 
zation  are  controlled  by  the  electronic  strobe  unit  and  the  multiscan 
adapter  (MSA). 

The  electronic  strobe  synchronizes  to  the  'north'  pulse  and  the  0.1 
degree  pulse  from  the  transducer  mounted  on  the  scanner  and  also  monitors 
the  sector  center  and  sector  width  as  set  by  the  operator.  The  strobe 
unit  generates  gating  signals  which  enable  the  HSDS  to  receive  data  over 
the  specified  azimuthal  sector.  The  values  of  sector  width  and  sector 
center  are  passed  to  the  HSDS  from  the  strobe  unit  in  digital  form. 

The  MSA  selects  particular  scans  for  which  data  are  actually  recorded. 
The  selection  is  determined  on  the  basis  of  the  time  interval  between  the 
groups  of  scans  and  the  number  of  scans  in  each  group.  The  MSA  gates  the 
enabling  signals  (start,  stop,  Bample)  from  the  strobe  unit  to  the  HSDS 
upon  receiving  a  pulse  from  the  data  repetition-rate  unit.  The  repeti¬ 
tion  rate  unit  may  be  set  by  the  operator. 

The  signals  to  the  HSDS  are  shown  and  labeled  in  Figure  1.  Start, 
stop,  sample,  sector  width  (WD) ,  and  sector  center  (CEN)  are  signals  from 
the  MSA  and  the  strobe  unit;  TIME  is  furnished  in  digital  format  by  a 
clock  unit.  The  other  input  signals  to  the  HSDS  are  output  signals  from 
the  RDF  receiver  and  directly  related  units.  Except  for  FREQ,  the  signal 
frequency,  these  signals  are  all  in  analog  format.  Table  1  gives  a  brief 
description  of  all  input  signals  to  the  HSDS. 

The  HSDS  block  diagram  is  given  in  Figure  2.  The  HSDS  is  a  gen¬ 
eralized  data  handling  device  which  accepts  fast  analog  signals  on  each 
of  ten  channels  and  either  slow  analog  or  digital  signals  on  each  of  six 
other  input  channels.  Control  signals  to  the  HSDS  determine  the  timing 
and  sequence  for  reading  data  from  the  channels.  When  one  of  the  fast 
analog  channels  is  selected  to  be  read,  a  hold  pulse  is  sent  to  the  sam¬ 
ple/hold  amplifiers.  The  sampled  signal  of  the  selected  channel  is  fed 


Figure  1.  Pre-Computer  RDF  System  Block  Diagram 


Figure  2.  High  Speed  Data  System  Block  Diagram 
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HSDS 

TABLE  1 

INPUT  SIGNALS 

Channel  Label 

Source 

Format 

Description 

Start 

MSA 

pulse 

control  signal 

Stop 

MSA 

pul3e 

control  signal 

Sample 

MSA 

pulse 

control  signal 

1 

E 

Receiver 

analog 

sum  of  signals  from  sector 
halves 

2 

A 

Receiver 

analog 

difference  between  signals 
from  sector  halves 

3 

$  (A) 

Phase 

meter 

analog 

left-right  differential 
phase  (azimuthal) 

4 

$(E) 

Phese 

meter 

analog 

differential  phase 
(elevation) 

5 

$AGC 

Receiver 

analog 

phase  automatic  gain  control 

6 

Scan  AGC 

Receiver 

analog 

scan  automatic  gain  control 

7 

L 

Receiver 

analog 

signal  from  left  half  of 
sector 

8 

R 

Receiver 

analog 

signal  from  right  half  of 
sector 

10 

Time 

Clock 

digital 

real  time  in  hours  and 
minutes 

11 

CUR 

Strobe 

digital 

angular  position  of  elec¬ 
tronic  cursor 

12 

WD 

Strobe 

digital 

sector  width/2 

13 

CEN 

Strobe 

digital 

sector  center 

14 

Freq. 

Frequency 

counter 

digital 

digital  reading  of  rec¬ 
eiver  frequency 

15 

Count 

MSA 

digital 

count  of  scans  selected  by 
MSA  for  recording  (modulo  16] 

15 

Format 

Description: 

Clock 

digital 

real  time  in  seconds 

Pulse  -  Control  signals  are  short  pulses  having  well  defined 
leading  and  trailing  edges. 

Analog  -  The  analog  channels  are  single  line  inputs  to  the 
multiplexer. 

Digital  -  The  digital  channels  contain  up  to  fourteen  lines  and 
carry  parallel  digital  signals. 
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Chrough  the  multiplexer  to  the  A/D  converter.  The  fourteen  bit  output  of 
the  A/D  converter  becomes  a  part  of  the  input  to  the  data  selection  gates. 
Channels  carrying  slow  analog  data  ara  handled  in  the  same  way,  except 
that  the  slow  data  is  fed  directly  to  the  multiplexer  without  the  "sample 
and  hold"  function.  Digital  data  channels  are  selected  by  the  digital 
input  unit,  from  which  the  lines  of  the  selected  channel  go  directly  to 
the  data  selection  gates .  The  data  selection  gates  also  receive  as  input 
four  bits  of  channel  designation  code  which  are  gated  through  with  the 
appropriate  fourteen  bits  of  data  to  the  framing  gates,  where  the  combined 
eighteen  bits  are  framed  into  three  nine-bit  words,  which  are  stored  on 
magnetic  tape.  (Extra  bit  positions  are  used  for  blocking  marks  and  par¬ 
ity  bits.) 

Because  of  the  nature  of  the  HSDS,  the  inputs  itemized  in  Table  1 
can  be  assigned  arbitrarily  to  the  HSDS  input  channels  as  long  as  data 
format  restrictions  are  observed.  Which  channels  are  read  is  controlled 
by  the  operator  through  the  console  switches. 


II.  Data  Buffering  by  Computer 

The  system  described  in  the  foregoing  section  had  several  practical 
limitations  which  are  being  approached  and  eliminated  in  a  systematic 
manner.  The  addition  of  a  minicomputer  (Figure  3)  to  the  system  is  an 
initial  step  in  this  planned  system  evolution.  The  versatility  of  the 
computer  suggests  a  large  range  of  possible  modifications.  However,  the 
initial  modification  adds  only  the  following  four  capabilities:  (1)  data 
buffering  by  the  computer  to  pack  data  from  the  HSDS  before  storage  on 
magnetic  tape;  (2)  on-line  self-checking  routines  to  detect  system  mal¬ 
functions;  (3)  on-line  routines  to  allow  simultaneous  computation  and 
data  logging;  and  (4)  off-line  computation  of  azimuthal  angle  of  arrival. 

The  previous  system  recorded  data  on  1/2  inch  magnetic  tape  for  later 
processing  by  the  G-20  computer  located  on  campus.  The  recording  format 
utilized  three  magnetic  tape  characters  for  each  data  sample.  Data  sam¬ 
ples  were  recorded  at  the  variable  rate  at  which  they  were  acquired  by  the 
HSDS.  Two  undesirable  consequences  of  the  unstructured  data  recording 
were  the  resulting  low  density  of  data  on  the  tape  (about  20  per  cent  of 
the  maximum  possible)  and  the  need  for  time-consuming  reformatting  by  the 
remote  computer  before  calculations  could  be  performed.  On-line  data  buf¬ 
fering  can  easily  improve  the  recording  density  to  better  than  70  per  cent 
of  the  maximum  possible;  and  buffering  creates  a  blocked  data  format  which 
is  easily  handled  by  the  remote  computer. 2 

The  design  of  the  buffering  system  and  software  must  take  into 
account  several  different  constraints  imposed  by  the  system  elements. 

(1)  In  the  mode  of  operation  for  which  buffering  is  needed  (the  scanning 
mode),  data  samples  arrive  in  bursts  as  the  antenna  array  is  scanned.  A 
scan  period  of  200  ms  with  101  data  samples  per  scan  is  typical.  (2)  The 
arrival  times  of  the  data  at  the  HSDS  are  not  spaced  evenly  over  the 


Figure  3.  Minicomputer-System  Interconnection  Block  Diagram 
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perlod  of  the  scan.  In  fact,  the  minimum  Interval  between  data  samples 
Is  90  y s  and  may  be  decreased  to  as  low  as  45  ys  by  increasing  the  scan 
rate.  (3)  The  magnetic  tape  unit  specification  for  reaching  proper  speed 
is  10  ms.  (4)  The  recording  density  of  800  bpi  (per  track)  at  45  ips 
results  in  a  recording  frequency  of  36,000  characters  per  sec.  or  one 
character  every  27.8  ys.  (That  is,  nine  bits  are  read  or  written  in  par¬ 
allel  every  27.8  ys.)  (5)  The  computer  requires  39  ys  to  process  an  in¬ 
terrupt  from  the  HSDS,  read  the  four  bit  channel  no.  and  the  fourteen  bit 
data  value,  and  return  to  the  interrupted  sequence.  (6)  The  computer 
requires  4.5  ys  to  transfer  one  sixteen-bit  data  word  from  coze  memory  to 
the  magnetic  tape  controller.  (7)  The  amount  of  core  memory  available  as 
a  buffer  region  is  not  to  exceed  2,048  words. 

Taking  into  account  the  above  constraints,  the  following  questions 
may  be  resolved: 

a.  What  character  format  should  be  used  for  recording  an  individual 
data  sample? 

b.  What  should  be  the  sequence  of  data  samples  within  a  data  record? 

c.  What  sizes  may  be  used  for  a  data  record  and  for  pages  within  a 
data  record? 

In  each  case  the  goal  is  to  maximize  the  data  recording  density  on  the 
magnetic  tape. 

The  nine-track  magnetic  tape  requires  one  parity  bit,  leaving  eight 
bits  per  character  for  recorded  data.  Each  data  sample  Includes  a  four¬ 
teen  bit  data  value  and  a  four  bit  channel  number  code.  To  conserve  tape, 
the  channel  number  code  is  not  written  onto  the  tape  as  was  done  in  the 
pre-computer  system.  Instead,  the  sequence  of  channels  being  read  is 
typed  into  the  computer  before  the  start  of  the  data  run.  Therefore, 
only  fourteen  bits  must  be  recorded  for  each  data  sample.  The  following 
bit  format  is  used: 


TABLE  2 


Track  No. 

Function 

Char.  1 

Char .  2 

1 

data 

2° 

28 

2 

data 

21 

29 

3 

data 

CM 

CM 

210 

4 

data 

23 

H 

H 

CM 

5 

data 

24 

212 

6 

data 

25 

sign 

7 

data 

26 

* 

8 

data 

27 

* 

9 

parity 

P1 

r2 

* — reserved  for  extended  sign  or  for  sixteen  bit  data  words. 
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The  parity  bit  is  generated  and  checked  by  the  tape  controller. 

Aa  stated  above, the  sequence  of  channels  being  read  is  available  to 
the  computer  before  the  beginning  of  a  data  run.  (The  operator  must  ver¬ 
ify  that  the  channel  numbers  typed  in  to  the  computer  correspond  to  the 
settings  on  the  control  panel.  The  computer  will  detect  a  discrepancy, 
but  it  has  no  way  of  making  the  correction.)  Using  this  information,  the 
buffer  routine  generates  a  special  heading  record  which  contains  a  map  of 
the  data  to  follow  on  subsequent  records.  Data  from  the  HSDS  are  stored 
as  listed  in  Table  3.  (Also,  see  Figure  4.) 


TABLE  3 

Word  No.  Contents 

0  Page  designator* 

1  Value  for  sample  1  of  DC1 


n 

n+1 


Value  for  sample  n  of  DC1 
Value  for  sample  1  of  DC2 


mn  Value  for  sample  n  of  DCm 

mn+1  Value  at  1st  channel 


mn+k  Value  at  kth  channel 

n  ■  no.  of  degrees  per  sector 
m  -  no.  of  channels  scanned  n  times 
k  -  no.  of  channels  to  be  sampled  at  end  of  scan 
*  -  generated  by  the  computer 

The  computer  reformats  the  data  as  it  arrives  from  the  HSDS  to  facilitate 
faster  computation.  Such  reformatting  would  be  less  efficient  at  computa¬ 
tion  time;  but  if  computer  time  becomes  too  critical  during  the  on-line 
recording,  data  will  be  stored  in  the  format  in  which  it  arrives  from  the 
HSDS. 


The  upper  limit  on  record  size  is  2,048  words  or  4,096  magnetic  tape 
characters.  (That  is,  the  entire  contents  of  the  buffer  constitutes  one 
data  record.)  However,  a  reduction  in  buffer  size  allows  more  room  in  the 
core  memory  for  expanded  programs.  For  that  reason,  the  size  of  the 


o 

CD 

CM 

CM 

_ 

Oi 

CM 

CM 

04  CM 

o 

“CM 

fO 

CM 

CM 

* 

CM 

CM 

CM 

in 

CM 

co-oz 

<0 

CM 

* 

N 

CM 

* 

UJ  <  Ui  o  UJ  o 

s!°  s'0 

1  1*1* 


DATA  RECORD  DATA  PAGE 
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buffer  nay  be  specified  by  the  operator  as  less  than  2,048  words.  The 
buffer  (and  hence  the  data  record)  Is  divided  Into  an  Integral  number  of 
equal  pages.  A  page  Is  large  enough  to  contain  the  set  of  data  values 
from  one  scan  as  listed  In  Table  3.  Let  P  -  page  length,  then 
P  >.  mn  +  k  +  1.  The  maximum  possible  values  for  m,  n  and  k  are  3,  90  and 
16  respectively  (m  +  k  £  16),  so  the  largest  resulting  page  size  of 
P  -  284  Is  much  smaller  than  the  buffer  size  limit.  The  P  -  (mn  +  k  +  1) 
words  remaining  on  the  page  are  filled  with  zeros  before  the  buffer  con¬ 
tents  are  transferred  to  the  magnetic  tape.  For  this  reason,  an  ill- 
chosen  page  size  could  result  In  nearly  a  fifty  per  cent  decrease  In  stor¬ 
age  density.  The  problem  is  avoided  at  the  outset,  during  the  initializa¬ 
tion  procedure  to  be  followed  by  the  operator.  The  operator  supplies  the 
buffering  routine  with  values  for  -  buffer  size  limit,  k,  and  n.  From 
these  it  computes  P  -  mn  +  k  +  1  and  r  -  B^/P  less  the  remainder,  where 
r  -  number  of  pages  In  the  buffer.  Then  the  final  buffer  size,  B,  Is 
B  -  rP. 

To  clarify  the  operation  of  the  computer-controlled  buffering  system, 
a  description  of  the  handling  of  a  typical  sequence  of  data  follows.  The 
operator  sets  the  control  switches  of  the  RDF  and  HSDS  systems  including 
those  required  to  specify  sector  width,  sector  center,  and  channels  to  be 
scanned.  Next,  he  loads  the  buffering  routine  into  the  computer.  The 
routine  is  self-starting  and  Immediately  responds  by  typing  a  message  on 
the  trletype  requesting  in  turn,  values  for  B^,  n, channels  to  be  scanned, 
and  st ctor  center.  (See  Appendix.)  The  operator  responds  by  typing  in 
the  requested  values.  The  routine  calculates  P  and  B  and  then  generates 
a  heading  record  (much  shorter  than  B)  which  is  Immediately  written  onto 
the  tape.  Typically  m  -  3,  n  -  30,  and  k  -  11  resulting  in  a  page  size 
of  102  words  and  a  buffer  size  of  2,040  words.  When  this  is  completed, 
the  routine  signals  the  operator  to  start  the  data  run. 

When  the  first  data  sample  arrives  at  the  buffer  gates  of  the  HSDS, 
an  interrupt  pulse  is  sent  to  the  computer.  The  computer  then  suspends 
execution  of  its  current  task  and  transfers  control  to  the  HSDS  I/O  rou¬ 
tine.  The  routine  first  reads  in  the  four  bit  channel  code  and  compares 
it  to  the  appropriate  channel  code  in  the  predefined  sequence.  If  the 
two  do  not  agree,  an  error  message  is  typed  out  and  the  operator  is  given 
a  choice  of  further  actions  to  be  taken.  Normally  the  two  codes  agree, 
so  the  routine  continues  by  reading  in  and  storing  the  fourteen  bit  data 
value.  The  I/O  routine  then  returns  control  to  the  task  which  was  inter¬ 
rupted.  The  total  time  occupied  by  the  Interrupt  sequence  Is  about  39  ys. 
Since  data  samples  arrive  at  least  90  ys  apart,  the  computer  will  not  be 
Interrupted  again  by  the  HSDS  for  at  least  51  ys,  during  which  time  the 
computer  is  free  to  handle  any  other  task  requiring  attention.  The  com¬ 
puter  handles  the  subsequent  data  samples  as  it  did  the  first,  storing 
each  one  in  the  appropriate  successive  location  in  the  buffer.  The  101 
data  samples  for  the  first  scan  arrive  during  the  first  25  ms  of  the  scan. 
The  computer  then  inserts  a  page  marker  in  the  buffer  and  uses  the  re¬ 
maining  175  ms  for  checking  the  system  and  performing  on-line  computation 
using  the  buffered  data.  As  soon  as  the  101  data  samples  have  been 
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received  for  the  20th  scan,  the  buffer  is  full.  The  computer  then  signals 
the  magnetic  tape  unit  (MTU)  to  begin  reading  and  storing  bytes  (a  byte  is 
eight  bits  or  half  of  a  full  computer  word)  of  data  from  the  buffer.  The 
MTU  generates  an  additional  parity  bit  which  it  stores  in  the  ninth  track 
on  the  tape.  The  MTU  interrupts  the  computer  on  a  cycle-stealing  basis 
each  27.8  ys  as  it  is  ready  for  another  byte  of  data.  The  interrupt  is 
granted  after  a  maximum  delay  of  3.5  ys  and  the  actual  transfer  of  data 
takes  only  1.2  ys.  As  soon  as  the  MTU  has  read  the  entire  contents  of  the 
buffer,  it  stops  the  tape  and  waits  until  the  buffer  is  full  again.  The 
time  required  to  empty  the  buffer  is  less  than  115  ms  for  the  maximum  size 
of  2,048  words.  After  adding  the  10  ms  to  bring  the  tape  up  to  speed  and 
the  10  ms  to  stop  the  tape,  the  total  of  135  ms  is  still  well  within  the 
175  ms  between  the  last  data  sample  for  scan  20  and  the  beginning  of  scan 
21.  It  should  be  observed  that  most  of  the  135  ms  is  still  available  to 
the  computer  for  processing  other  routines  because  less  than  4.9  ms  of 
computer  time  is  required  for  the  actual  transfer  of  data  from  buffer  to 
MTU. 


In  the  above  example  the  storage  density  on  the  magnetic  tape  is  very 
good.  The  inter-record  gap  caused  by  starting  and  stopping  is  .9  in.  The 
4,080  bytes  of  data  are  stored  on  5.1  Inches  of  tape.  This  results  in  a 
nominal  figure  of  85  per  cent  of  maximum  storage  density.  Taking  into 
account  the  heading  record  and  the  page  designators  would  reduce  the  per¬ 
centage  very  slightly. 


III.  On-Line  Data  Monitoring 

One  of  the  chief  drawbacks  of  the  pre-computer  system  was  the  lack  of 
any  monitor  for  the  data  in  digital  format.  The  operator  could  observe  the 
analog  displays,  but  he  had  no  way  of  being  certain  that  the  data  were  cor¬ 
rectly  digitized  and  stored  on  the  magnetic  tape.  Verification  was  possi¬ 
ble  only  by  taking  the  tape  to  the  remote  G-20  computer  and  having  the  data 
analyzed.  Ideally,  the  system  should  detect  its  own  malfunctions  and  sig¬ 
nal  the  operator.  It  should  also  allow  examination  of  the  digital  data  to 
verify  that  the  data  are  indeed  meaningful.  The  computer  provides  partial 
fulfillment  of  both  aims. 

The  previous  section  outlined  the  time  demands  on  the  computer  during 
the  process  of  data  buffering.  By  operating  in  an  interrupt  mode  the  com¬ 
puter  processes  the  buffering  routine  during  only  a  small  fraction  of  the 
200  ms  scan  period.  The  time  is  less  than  4  ms  for  the  example  described 
at  the  end  of  Section  II.  Even  during  the  20th  scan  period  when  the  buffer 
was  emptied  the  total  processor  time  required  is  less  than  9  ms.  During 
the  remaining  time,  the  computer  can  merely  wait,  or  it  can  perform  other 
tasks . 

Methods  for  detection  of  system  malfunctions  by  the  computer  are 
limited  by  the  simple  interface  between  the  computer  and  the  rest  of  the 
system.  The  computer  connects  to  the  HSDS  but  to  none  of  the  other  system 
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elements  .  The  Interface  that  does  exist  Is  one  directional.  (That  is, 
signals  and  data  flow  from  the  HSDS  to  the  computer,  but  not  in  the  other 
direction.)  System  faults  must  therefore  be  detected  by  examining  the 
data  from  the  HSDS. 

Section  II  described  briefly  one  of  the  techniques  to  be  used  during 
the  operation  of  the  HSDS  interrupt  handling  routine.  The  computer  is 
given  the  sequence  of  channels  to  be  sampled  during  a  scan  in  the  set-up 
procedure  followed  by  the  operator.  As  each  data  sample  arrives  from  the 
HSDS,  its  associated  channel  code  is  compared  with  the  expected  channel 
number  in  the  core  memory.  If  the  values  are  unequal  the  computer  trans¬ 
fers  control  to  an  error  routine.  The  error  routine  will  follow  one  of 
several  courses  depending  on  the  instructions  it  received  from  the  opera¬ 
tor  during  the  set-up  procedure.  It  may: 

a.  Accept  the  data  as  though  the  error  had  not  occurred. 

b.  Reject  the  sampled  data  value  and  flag  the  buffer  location  to 
indicate  the  channel  error. 

c.  Reject  the  data  for  the  entire  scan  and  flag  the  page  designator 
to  so  indicate. 

d.  Reject  the  entire  record  of  data  and  reinitialize  the  buffer 
pointers  to  begin  storing  Incoming  data  in  a  new  record. 

In  each  of  the  above  cases  the  computer  would  continue  recording  data,  but 
it  would  signal  the  operator  by  typing  out  an  appropriate  error  message  on 
the  teletype.  Another  option  would  allow  the  operator  to  try  to  determine 
the  cause  of  the  channel  error.  The  computer  would: 

e.  Stop  collecting  data  and  wait  for  the  operator  to  respond  to  the 
error  message.  The  operator  would  then  initiate  a  transfer  to  an 
error  analysis  routine,  which  would  allow  inspection  of  the  chan¬ 
nel  sequence  and  incoming  data  in  response  to  typed  commands. 

The  error  analysis  routine  would  also  be  a  very  useful  hardware  debugging 
tool  whenever  changes  are  made  in  system  circuits  (assuming  that  the  change 
could  affect  the  data  and  channel  code  seen  by  the  computer) . 

Verification  of  incoming  data  poses  a  more  difficult  problem  than 
checking  the  channel  number.  However,  it  is  potentially  a  powerful 
system  check  as  well  «s  a  helpful  tool  when  the  system  is  operating  prop¬ 
erly.  Several  types  of  malfunctions  can  be  envisioned  which  would  leave 
the  channel  sequencing  unaffected  but  would  cause  erroneous  data  to  be 
recorded.  If  the  computer  had  an  internal  standard  for  data  as  it  does  in 
the  case  of  channel  numbers,  error  detection  would  be  a  simple  comparing 
process.  At  the  present  stage  of  system  evolution, comparison  must  be  left 
to  the  operator.  The  role  of  the  computer  is  to  display  the  incoming  data 
in  such  a  way  that  the  operator  can  quickly  make  comparisons  and  judgements 
of  his  own  with  regard  to  the  validity  of  the  data. 

The  system  provides  an  Instantaneous  analog  display  of  the  scanned  sum 
and  difference  amplitudes  on  a  ten-inch  diameter  CRT.  The  sector  center 
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and  sector  bounds  are  also  displayed  so  that  the  operator  can  determine 
the  basic  pattern  of  the  incoming  signal  at  a  glance.  Thus,  comparison 
is  possible  for  Input  patterns  which  remain  relatively  constant  over  a 
period  of  several  seconds.  For  example,  the  computer  would  average  the 
samples  of  the  sum  amplitude  at  3  degree  intervals  taken  during  10  scans 
and  print  the  average  values  on  the  teletype.  The  delay  is  2  seconds  to 
record  the  data  from  the  10  scans  plus  about  7  seconds  to  type  the  values. 
The  slow  speed  of  the  teletype  is  the  chief  limiting  factor.  A  modest 
improvement  could  be  achieved  by  adding  an  X-Y  plotter  or  a  CRT  as  a  peri¬ 
pheral  device,  but  the  operator's  response  time  would  rapidly  become  a 
limiting  factor.  Until  the  time  when  the  computer  assumes  a  role  in  con¬ 
trolling  the  system  operation,  dynamic  checks  on  fapidly  varying  signals 
are  not  feasible.  However,  if  correspondence  between  the  analog  and  digi¬ 
tal  forms  can  be  demonstrated  for  slowly  varying  signals,  the  system  may 
be  assumed  to  be  operating  correctly. 


IV.  Direction  of  Arrival  Computation 

A  simple  form  of  on-line  computation  was  introduced  in  Section  III 
as  a  means  of  checking  system  performance.  Averages  of  signal  levels  were 
computed  at  discrete  Intervals  across  the  sector  being  scanned.  They  pro¬ 
vided  the  operator  with  a  very  rough  estimate  of  the  azimuthal  angle  of 
arrival  of  the  incoming  signal.  It  is  desirable  for  the  computer  to  deter¬ 
mine  accurately,  in  real  time,  the  angle  of  arrival.  That  Is,  the  on-line 
computer  should  ideally  be  able  to  make  the  same  calculations  made  by  the 
remote  computer.  These  Include  average  center  of  gravity  angle  of  arrival, 
deviation  of  a  group,  angle  of  arrival  calculated  from  phase  values,  and 
angle  of  arrival  calculations  for  non-scanning  modes  of  system  operation. 3, A 

The  on-line  computer  has  severe  time  and  storage  limits  imposed  on  it 
during  the  buffering  operation.  It  is  estimated  that  tho  data  buffering 
routine  will  occupy  about  half  of  core  storage.  (This  includes  the  2,048 
words  used  for  the  buffer.)  That  leaves  about  4,000  wordB  of  memory  to  be 
shared  by  resident  system  software  (loaders,  I/O  handlers,  and  floating 
point  routines),  the  system  self-checking  routines,  and  the  bearing  com¬ 
putation  routines.  The  computation  routines  will  therefore  be  limited  to 
about  2,000  words  of  memory  for  both  program  and  auxiliary  data  storage. 

The  magnetic  tape  unit  is,  of  course,  unavailable  for  retrieval  of  data 
during  the  buffering  operation.  Any  data  examination  by  the  computation 
routine  must  be  done  before  the  buffer  is  emptied  onto  the  tape.  The  per¬ 
centage  of  central  processor  time  required  by  buffering  and  system  checking 
is  on  the  order  of  ten  per  cent.  By  averaging  over  many  scans,  several 
seconds  can  be  made  available  for  bearing  calculation.  Although  timing 
checks  have  not  yet  been  made  on  the  present  routines  used  in  the  remote 
G-20,  it  appears  likely  that  the  minicomputer  will  not  find  time  to  be  a 
serious  limitation.  The  storage  is  another  matter.  One  of  the  present 
Fortran  programs  used  for  determining  the  center  of  gravity  bearing 
includes  approximately  500  Fortran  statements. 3  The  same  program  in  PAL-11 
(the  PDP-11  assembly  language)  would  probably  require  at  least  1500 


Instructions.  Since  most  PAL-11  Instructions  require  more  than  one  word 
of  storage,  such  a  program  would  occupy  well  over  2,000  words  of  memory. 
This  does  not  take  into  account  the  extra  data  storage  necessary  during 
the  execution  of  the  program.  Such  a  program  can  probably  be  simplified 
to  fit  into  a  smaller  space,  and  the  available  storage  may  be  increased  by 
cutting  down  the  buffer  size.  But  it  is  obvious  that  some  of  the  calcula 
tion  must  be  done  off-line  when  the  entire  storage  capabilities  of  the 
machine  are  available.  If  part  of  the  magnetic  tape  is  reserved  as  an 
auxiliary  memory,  the  minicomputer  .could  duplicate  any  of  the  calcula¬ 
tions  now  performed  by  the  G-20.  Although  the  time  might  be  greater  for 
the  minicomputer,  it  will  still  be  much  faster  than  going  through  the 
batch  processing  system  used  with  the  G-20.  The  lack  of  peripheral  dis¬ 
play  devices  for  the  minicomputer  will  still  require  the  use  of  the  G-20 
for  obtaining  plots  and  large  printouts  of  data. 


V.  Conclusion 

The  addition  of  a  minicomputer  to  the  RDF  system  accomplishes  four 
distinct  improvements.  (1)  Data  buffering  Improves  the  storage  density 
of  data  on  magnetic  tape  from  20  per  cent  to  about  85  per  cent  of  the 
maximum  possible  density.  (2)  Most  system  malfunctions  are  detected  imme¬ 
diately  by  examination  of  incoming  data.  (3)  Azimuthal  direction  of  arri¬ 
val  can  be  calculated  during  the  process  of  data  buffering.  (4)  More 
involved  calculations  can  be  performed  at  the  field  station  by  using  the 
computer  in  an  off-line  mode  and  providing  the  magnetic  tape  unit  as  an 
auxiliary  memory. 


APPENDIX 

Initialling  Dialog 

*  1 

In  order  to  initialize  the  data  gathering  program  at  the  beginning 
of  a  data  run,  the  operator  is  required  to  enter  several  parameters  and 
specify  certain  options.  This  is  accomplished  by  a  computer-operator 
dialog  on  the  teletype. 

The  operator  begins  by  loading  the  program  into  the  computer  or  if 
the  program  is  already  loaded,  he  starts  the  computer  at  the  beginning 
address  of  the  program.  The  program  signals  that  it  is  correctly  loaded 
by  typing: 

*N  The  program  aeks  for  the  value  of  N,  number  of  degrees  of 

sector  width. 

45  The  operator  types  a  value  followed  by  a  carriage  return 

(hereafter  designated  by  CR).  If  the  operator  types  CR 
only,  the  default  value  is  N  ■  30. 

*DC  The  program  asks  for  the  channels  to  be  sampled  n  times 

each  scan.  (1,  2,  3  are  selected  as  the  default  case.) 

1,2CR  The  operator  types  the  channel  numbers  in  ascending  order. 

*C  The  program  asks  for  the  sequence  of  channels  to  be  sampled 

at  the  end  of  the  scan. 

4,5,7,9,14CR  The  operator  types  the  channel  numbers  in  ascending  order. 

*BL  The  program  asks  for  a  limit  on  buffer  size.  (Default 

value  is  2,048  words.) 

CR  The  operator  accepts  the  default  value. 

* 

P  -  142 
B  ■  1988 

R  ■  14  The  program  computes  values  for  the  page  size,  buffer  length, 

and  number  of  pages  in  the  buffer. 

*CE  The  program  asks  the  operator  to  specify  the  channel  error 

option  to  be  followed  if  a  channel  number  error  is  detected. 
Possible  responses  are:  I  -  ignore,  W  -  flag  data  word  and 
continue,  P  -  flag  page  and  continue,  R  -  delete  record  and 
continue,  D  -  discontinue  processing  and  wait  for  operator 
response. 

ICR  The  operator  specifies  to  ignore  errors.  (The  error  message 

will  be  typed  out  at  the  time  an  error  occurs  regardless  of 
whether  the  data  is  flagged  or  not.) 

*SC  The  program  asks  for  the  sector  center. 

270CR  The  operator  types  the  angular  position  of  sector  center. 
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*START  RUN  The  program  signals  that  it  is  ready  for  the  operator  to 
start  the  system. 

The  program  examines  each  of  the  operator's  responses  and  rejects  any 
which  it  is  unable  to  Interpret.  It  Blgnals  the  rejection  by  typing  a 
'?'  and  then  repeats  the  request.  For  example: 

*N  Request  for  sector  width. 

150CR  The  operator  types  a  value  larger  than  the  system  can 

realize  (maximum  is  90) . 

]_  A  question  mark  signals  the  rejection. 

*N  The  program  repeats  the  request. 

The  program  will  not  detect  some  typographical  errors  during  the  initiali¬ 
zation  dialog  ;  eg. ,  if  the  operator  types  136  when  he  meant  126  as  the 
sector  center,  the  computer  will  accept  the  value  because  it  lies  between 
0  and  360.  However,  the  operator  may  be  able  to  take  advantage  of  the 
rejection  feature  of  the  program  if  he  notices  his  mistake  in  time.  By 

typing  an  illegal  character  before  terminating  his  reply  with  a  CR,he  can 

cause  the  program  to  reject  the  reply  and  repeat  the  request.  Using  the 
above  case: 

*SC  The  program  asks  for  the  sector  center. 

136ZCR  The  operator  sees  that  he  typed  3  instead  of  2  and  adds  the 

letter  Z  which  is  not  a  legal  response. 

2,  The  program  rejects  the  entry. 

*SC  The  program  repeats  the  request. 

126CR  The  operator  types  the  correct  value. 

If  the  operator  detects  his  mistake  after  he  has  typed  the  CR,  he  has  no 
choice  but  to  restart  the  program.  (This  can  be  done  at  any  time  by 
depressing  the  control  key  and  typing  a  P.) 
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I.  Introduction 


The  computer  is  becoming  more  and  more  Important  as  an  integral  part 
of  many  Instrumentation  systems.  This  paper  will  describe  the  use  of  a 
computer  as  an  on-line  control  and  processing  element  for  an  interfero¬ 
meter  radio  direction  finding  system. 

At  the  University  of  Illinois  Radiolocation  Research  Laboratory, 
there  is  presently  operating  an  RDF  system  using  an  interferometer  antenna 
array.  From  the  interferometer  system  it  is  possible  to  derive  the  infor¬ 
mation  necessary  to  determine  the  direction  of  arrival  of  incoming  radio 
signals. (1)  The  present  RDF  system  shown  in  Figure  1A  consists  of  the 
antenna  arrays  and  associated  switching  equipment,  two-and  three-channel 
receivers,  phase  and  amplitude  meters,  an  A-D  converter,  and  a  data  ac¬ 
quisition  system.  The  data  acquisition  system  controls  the  collection  of 
data  by  the  RDF  system  and  outputs  the  data  to  the  high  speed  paper  tape 
punch.  The  paper  tape  containing  the  phase  and  amplitude  data,  time, 
frequency  and  other  data  is  then  taken  to  a  large  off-line  computer  for 
analysis  to  determine  angles  of  arrival  and  other  characteristics  of  the 
received  signals.  The  system  also  contains  analog  equipment  which  can  be 
used  to  display  RDF  information  in  real  time  to  the  operator;  however, 
this  equipment  requires  considerable  skill  and  experience  to  operate  and 
there  is  only  a  limited  amount  of  time  for  the  operator  to  interpret  the 
display  of  the  received  signals.  For  this  reason  the  major  portion  of 
the  analysis  of  data  is  now  done  by  processing  the  data  on  paper  tape  by 
a  computer. (2) 


II.  Advantages  of  On-Line  Computer  System 

Since  the  computer  is  already  being  used  to  analyze  the  RDF  data,  it 
is  natural  to  think  of  fully  integrating*  a  computer  into  the  RDF  system 
and  using  the  computer  to  analyze  data  on-line  and  also  to  control  the 
operation  of  the  system.  Figure  lB  shows  the  RDF  system  with  the  computer 
added.  The  computer  will  interface  to  the  RDF  system  through  the  present 
data  acquisition  system  and  will  output  data  to  the  paper  tape  punch  and 
the  teletype.  Another  way  of  looking  at  the  computer  system  is  shown  in 
Figure  2.  In  this  configuration  the  computer  is  seen  as  the  central  ele¬ 
ment  with  all  the  other  devices  as  peripherals  to  the  computer.  The  pre¬ 
sent  RDF  system  is  thus  treated  as  a  peripheral  device  to  the  computer  in 
much  the  same  sense  that  the  teletype  is  a  peripheral.  Some  possible 
additions  to  the  system  are  also  shown  in  Figure  2. 

The  on-line  computer  in  the  RDF  system  offers  many  advantages  in  the 
operation  of  the  system  and  in  the  collection  of  data.  One  of  the  major 


Figure  1A  and  IB.  RDF  System 


COMPUTER 
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advantages  is  the  ability  to  compute  angles  of  arrival  in  a  real  time  mode 
and  display  these  angles  to  the  operator.  This  will  eliminate  the  delays 
and  other  problems  associated  with  the  paper  tape  system  and  provide  imme¬ 
diate  feedback  to  the  operator.  The  real  time  output  of  angles  of  arrival 
will  allow  the  operator  to  evaluate  the  incoming  signals  and  make  any 
changes  necessary  to  optimize  the  collection  of  data.  The  real  time  out¬ 
put  will  be  limited  by  the  teletype  output  rate  in  the  initial  system  but 
the  operator  will  still  be  able  to  control  more  actively  the  collection 
of  data  and  will  be  able  to  evaluate  system  operation  in  a  real  time  op¬ 
erating  mode. 

Another  advantage  of  the  on-line  computer  is  that  it  will  provide 
great  flexibility  for  the  user  of  the  system.  Changes  in  the  operation 
of  the  system  can  be  made  by  modifying  the  computer  software  instead  of 
modifying  the  system  hardware.  By  using  the  flexibility  of  computer  pro¬ 
gramming,  the  system  can  be  dedicated  to  a  particular  purpose  by  loading 
the  appropriate  programs  into  the  computer.  For  example,  if  a  particular 
phenomena  such  as  periodicities  in  signals  Are  being  Investigated,  the 
system  could  be  programmed  to  detect  such  periodicities  and  only  process 
data  associated  with  this  phenomena.  In  this  way  more  usable  data  can  be 
collected  and  the  processing  of  non-usable  data  will  be  reduced.  Much  of 
the  statistical  processing  such  as  averaging,  calculation  of  standard 
deviations,  and  correlations  that  is  now  done  off-line  could  be  done  on¬ 
line.  Another  way  the  computer  could  be  used  to  advantage  would  be  to 
detect  and  isolate  equipment  malfunctions  by  using  system  maintainence 
programs.  System  calibration  could  also  be  checked  by  computer  programs. 

Since  the  computer  will  be  the  central  element  in  the  system,  future 
additions  will  be  relatively  easy  to  make  since  they  will  be  added  on  as 
peripheral  devices.  One  of  the  future  objectives  of  the  RDF  system  is  to 
integrate  the  vertical  incidence  ionosonde  into  the  system  to  make  meas¬ 
urements  of  the  ionosphere.  With  this  capability  added  to  the  RDF  system 
and  with  the  computer  to  process  data  in  a  real  time  mode,  the  goal  of  an 
automatic  radio  location  system  can  be  achieved. 


III.  System  and  Computer  Retirements 

The  development  of  a  system  of  this  kind  requires  many  factors  to  be 
evaluated  and  certain  trade  offs  in  the  cost-performance  area  to  be  made 
to  get  the  best  system  possible.  In  evaluating  the  requirements  the  RDF 
system  imposed  on  the  computer,  it  was  found  the  most  critical  require¬ 
ments  were  the  speed  with  which  the  computer  could  perform  the  necessary 
arithmetic  calculations  and  the  speed  and  capability  of  the  interrupt 
system  of  the  computer. 

One  of  the  design  objectives  for  the  system  is  the  ability  to  take 
data  samples  at  a  25  sample  per  second  rate  with  each  sample  consisting 
of  a  maximum  of  16  data  words.  This  means  that  in  a  time  period  of  40 
milliseconds  a  data  sample  must  be  collected  by  the  RDF  system,  input  to 
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the  computer,  and  the  angles  of  arrival  calculated.  Since  the  calcula¬ 
tions  for  the  azimuthal  and  Incidence  angles  of  arrival  require  mathema¬ 
tical  functions  such  as  sine,  arctangent  and  square  root,  it  was  deter¬ 
mined  that  the  most  critical  requirement  for  the  computer  was  the  ability 
to  perform  the  calculations  for  the  angles  of  arrival  in  the  40  milli¬ 
second-time  period.  To  achieve  the  accuracy  desired  for  the  calculations 
and  to  allow  for  calculations  on  averages  of  data,  the  performance  of  the 
calculations  in  double  precision  arithmetic  was  taken  to  be  the  worst  case 
condition.  Since  the  mathematical  functions  required  are  usually  developed 
from  series  expansion  algorithms,  it  was  determined  that  the  computer  ca¬ 
pability  for  multiply  and  divide  operations  was  an  important  requirement. 

By  using  approximations  to  the  expansion  of  the  mathematical  functions 
required,  the  necessary  speed  of  double-precision  multiply-and-divide 
operations  required  was  estimated  to  be  150  microseconds  for  each.  This 
then  became  an  approximate  specification  which  the  computers  evaluated 
should  meet.  In  evaluating  these  requirements  it  was  found  that  computers 
with  a  memory  cycle  time  of  approximately  1  microsecond  would  be  able  to 
meet  the  necessary  requirements  for  calculation  Bpeed.  It  was  found  that 
a  hardware  multiply  and  divide  capability  was  also  necessary  since  this 
typically  had  a  10-50  to  1  speed  improvement  over  the  software  method  of 
performing  these  operations. 

The  other  basic  requirement  that  was  found  to  be  necessary  was  a  fast 
priority  interrupt  system.  The  speed  requirement  for  the  interrupt  system 
is  suggested  by  the  requirements  of  the  data  system  for  the  Bondville  Road 
Field  Station  of  the  Radiolocation  Research  Laboratory.  A  computer  system 
is  to  be  used  at  that  location  also  and  it  was  desirable  to  use  the  same 
computer,  if  possible,  for  both  applications.  The  Bondville  Road  system 
uses  magnetic  tape  for  data  recording  and  has  a  high  speed  (=90p  sec /word) 
data  system  that  requires  very  fast  interrupt  and  input/output  capabilities. 
The  interrupt  system  in  the  RDF  system  is  important  because  the  computer 
must  be  operating  several  devices  and  performing  the  angle  of  arrival 
calculations  at  the  same  time.  The  interrupt  system  allows  the  computer 
to  be  running  a  program,  be  interrupted  by  a  device  such  as  the  teletype, 
service  the  device  and  then  return  to  the  interrupted  program  and  continue. 
The  method  and  speed  in  which  this  interrupt  process  is  done  determine  the 
basic  input/output  capability  of  the  computer  and  its  utility  for  use  in  a 
real  time  operating  system.  There  are  several  different  interrupt  proce¬ 
dures.  One  conventional  interrupt  procedure  is  to  poll  each  peripheral 
device  after  an  interrupt  is  received  to  determine  which  device  caused  the 
interrupt.  When  the  interrupting  device  is  found,  the  program  branches  to 
a  service  routine  for  the  device.  This  usually  is  a  time-consuming  proce¬ 
dure  and  when  very  fast  devices  are  used,  the  risk  of  losing  data  while 
polling  devices  is  present.  Hardware  vector  interrupt  is  another  method. 

In  this  method  each  device  is  assigned  a  vector  address  and  the  interrupt 
causes  a  program  branch  directly  to  an  interrupt  subroutine  memory  address 
determined  by  the  vector  address.  This  procedure  is  usually  faster  than 
the  polling  technique  and  also  removes  some  of  the  programming  requirements 
associated  with  handling  the  polling  of  devices.  Since  the  system  will  have 
Several  peripherals  with  different  priorities,  a  multilevel  system  of 


interrupts  and  the  capability  for  nesting  of  interrupts  is  a  requirement. 

If  an  Interrupt  routine  for  a  low  speed  device  is  in  progress,  the  compu¬ 
ter  must  be  able  to  accept  an  interrupt  from  a  high  speed  device,  process 
this  as  a  high  priority  interrupt,  and  then  return  to  the  low  speed  device 
Interrupt  routine. 

Another  requirement  is  that  the  interrupt  structure  must  have  a  prior¬ 
ity  determining  process.  A  priority  interrupt  system  requires  that  all 
devices  capable  of  interrupt  be  assigned  a  relative  priority.  In  case  of 
simultaneous  Interrupt  requests,  the  device  assigned  a  higher  priority  is 
then  serviced  first.  With  this  system,  a  device  requiring  a  fast  response 
time, such  as  the  Bondvllle  Road  high  speed  data  system, would  have  a  prior¬ 
ity  over  a  low  response  time  device  such  as  a  teletype.  The  magnetic  tape 
unit  requires  a  direct  memory  access  capability  in  order  to  utilize  the 
recording  rate  of  approximately  30  microseconds  per  word.  The  chief 
requirements  for  the  interrupt  are  the  speed  to  take  care  of  the  high 
speed  devices  of  the  Bondvllle  Road  system  and  priority  and  multi-level 
interrupt  capability  to  process  interrupts  for  both  systems. 

The  other  major  requirement  for  the  computer  is  the  capability  for 
expansion.  The  block  diagram  in  Figure  2  shows  the  initial  system  con¬ 
figuration  and  some  of  the  possible  future  additions.  To  provide  for  these 

additions,  the  computer  must  be  capable  of  expansion  to  take  care  of  both 

standard  peripherals,  such  as  a  storage  CRT,  and  special  devices.  The 
memory  size  of  the  computer  should  also  be  expandable  to  take  care  of 
increased  program  size  as  the  system  grows  more  complex. 

Other  requirements  for  the  computer  were  more  or  less  fixed  by 
existing  system  equipment  or  were  of  a  more  intangible  nature.  The  out¬ 
put  of  the  analog-to-digital  converter  in  the  system  contains  15  bits,  so 
to  utilize  all  15  bits,  a  computer  with  a  word  size  of  16  bits  (a  stand¬ 
ard  word  size  for  many  computers)  was  a  requirement.  To  use  the  Basic  or 

Fortran  computer  languages,  it  is  generally  necessary  to  have  at  least  8K 
words  of  memory.  A  real  time  clock  for  timing  purposes  in  system  operation 
was  also  a  requirement.  Peripheral  equipment  required  was  a  teletype,  high 
speed  paper  tape  reader,  and  an  Interface  to  the  existing  high  speed  paper 
tape  punch  in  the  system.  General  purpose  interfaces  for  interfacing  spe¬ 
cial  devices  (such  as  the  RDF  system)  to  the  computer  were  also  a  require¬ 
ment.  A  power  fail-restart  capability  was  also  needed  for  the  system. 

Some  of  the  other  factors  evaluated  that  were  more  intangible  or  a 
matter  of  personal  preference  were  related  to  the  software  available,  the 
instruction  set  of  the  computer  and  the  convenience  of  programming  the  com¬ 
puter.  The  basic  software  required  is  an  assembler  for  the  computer's 
machine  language,  a  compiler  for  a  higher  level  language  such  as  Fortran, 
a  package  of  mathematical  programs  such  as  floating  point,  sine,  cosine, 
etc.,  and  various  utility  programs  such  as  debugging  programs,  text  editor, 
and  I/O  programs. 


The  instruction  set  and  programming  of  a  computer  is  difficult  to 
evaluate.  Generally,  a  powerful  and  flexible  instruction  sat  is  a  require¬ 
ment  but  the  evaluation  is  really  a  subjective  judgement  in  relation  to 
previous  experience  in  using  other  computers.  Some  computers  are  organized 
such  that  each  instruction  is  executed  very  rapidly  but  several  instruc¬ 
tions  are  needed  to  accomplish  the  same  operation  another  computer  may  be 
able  to  do  in  one  instruction  that  is  executed  much  slower.  Various  other 
factors  such  as  relative  core  efficiency,  I/O  and  interrupt  handling,  byte 
operations  and  subroutine  calling  and  reentrancy  are  all  difficult  to  eval¬ 
uate.  After  evaluating  several  computers,  the  conclusion  is  inevitably 
reached  that  no  computer  (in  the  price-performance  class  evaluated)  has 
every  desirable  feature  and  that  some  compromises  or  trade  offs  must  be 
made.  Thus,  it  was  decided  that  any  computer  that  could  meet  the  basic 
requirements  of  calculation  speed,  interrupt  and  I/O  handling,  expansion 
capability  and  the  fixed  requirements  such  as  16  bit  word  and  availability 
of  basic  software  would  be  an  acceptable  computer  for  the  system  applica¬ 
tion. * 

The  configuration  of  the  initial  system,  as  shown  in  Figure  2, is  pre¬ 
sently  in  the  process  of  being  assembled.  The  operation  of  the  various 
components  will  be  described  to  show  how  each  will  function  in  the  opera¬ 
tion  of  the  entire  system. 

The  basic  purpose  of  the  system  will  be  to  collect  the  differential 
phases  between  signals  at  the  antenna  array  elements,  the  amplitude  of  the 
signal  at  each  element,  the  signal  frequency  and  the  time.  The  present  RDF 
system  will  do  this  and  store  the  collected  data  in  memory  registers  in  the 
data  acquisition  system.  Modifications  to  the  RDF  system,  primarily  to  the 
data  acquisition  system,  are  necessary  in  order  for  the  computer  to  inter¬ 
face  to  the  RDF  system.  The  modifications  to  the  date  acquisition  system 
will  make  its  control  and  timing  functions  for  collection  of  data  and  its 
data  storage  registers  available  to  the  computer.  The  capability  of  gen¬ 
erating  interrupts  will  also  be  added. 

A  general  purpose  interface  unit  designed  to  Interface  special  devices 
to  the  computer  is  available  with  the  computer  and  will  be  used  for  the 
interface  between  the  data  acquisition  system  and  the  computer.  The  gen¬ 
eral  purpose  Interface  provides  a  compatible  Interface  to  the  I/O  bus  of 
the  computer  with  the  correct  timing  and  logic  levels  for  the  bus  signals. 
It  Includes  a  16  bit  storage  register  for  output  from  the  computer  to  the 
device,  address  decoding  and  selection  circuits  that  give  each  interface 


*The  computer  selected  for  the  system  is  the  Digital  Equipment  Corpora¬ 
tion  PDP  11/20.  Much  of  the  discussion  in  following  sections  refers 
specifically  to  certain  features  of  the  PDP  11/20.  See  Appendix  A 
for  a  description  of  some  of  the  features  of  the  PDP  11/20. 
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a  unique  address  location,  and  Interrupt  control  circuits  to  provide  prior¬ 
ity  Interrupt  capability.  The  Interface  also  contains  the  bus  drivers  and 
receivers  necessary  to  maintain  the  transmission  line  characteristics  of 
the  bus.  The  data  acquisition  system  sees  a  simple  interface  of  16  input 
lines,  16  output  lines,  2  interrupt  request  lines,  and  2  control  lines  from 
the  general  purpose  interface.  Two  of  these  general  purpose  interface 
units  are  necessary  to  provide  the  interface  to  the  data  acquisition  system 
(DAS) . 

The  DAS  presently  provides  control  of  the  RDF  system  through  thumb¬ 
wheel  switches  and  pushbuttons.  The  switches  provide  for  the  selection  of 
sixteen  possible  formats  for  data  collection.  Some  of  the  formats  used  are 
two-channel  or  three-channel  receiver  operation  with  one  antenna  array,  two- 
or  three-channel  operation  with  both  of  the  antenna  arrays,  and  a  calibra¬ 
tion  format.  Each  format  provides  a  fixed  data  collection  sequence  using 
the  system  and  a  sequence  of  data  words  for  output  to  the  high  speed  punch. 
Other  switches  are  set  for  the  number  of  data  blocks  to  be  taken  for  each 
format  and  the  number  of  repetitions  of  a  series  of  formats.  Pushbuttons 
control  the  start,  stop,  and  reset  operations  and  the  selection  of  contin¬ 
uous  or  single-cycle  mode  of  operation  of  the  system.  The  internal  logic 
of  the  DAS  provides  control  and  timing  signals  for  antenna  switching.  A-D 
conversion  and  gating  of  data  for  the  internal  scratch  pad  memory. (3) 

Signals  from  the  computer  parallel  the  DAS  control  signals  to  provide 
the  computer  with  control  over  the  system.  The  DAS  system  control  signals 
will  be  inhibited  when  the  computer  has  control  of  the  system.  The  storage 
registers  in  the  two  general  purpose  interfaces  will  serve  as  control  regis¬ 
ters  with  the  bits  in  each  register  assigned  a  specific  control  function. 

For  example,  four  bits  in  one  register  will  select  formats  for  data  as  the 
thumbwheel  switches  do  for  the  DAS.  Another  eight  bits  are  used  to  address 
the  scratch  pad  memory  of  the  DAS.  Other  bits  are  assigned  to  start  data 
collection,  stop  data  collection,  select  antennas,  and  to  reset  the  system. 
To  select  a  certain  control  function  the  program  will  instruct  the  computer 
to  set  a  1  in  the  correct  bit  of  the  control  register  and  this  bit  will 
remain  set  until  changed  by  the  program.  For  example,  to  take  a  data 
block  in  a  certain  format,  it  is  necessary  for  the  computer  to  load  the 
proper  arrangement  of  format  bits  into  the  control  register.  The  loading 
of  the  control  register  will  initiate  the  collection  of  one  data  block  in 
the  format  selected.  To  take  more  data  blocks  the  computer  must  load  the 
register,  with  a  format  for  each  block.  This  mode  of  operation  would  essen¬ 
tially  duplicate  the  present  data  collection  process  but  with  the  differ¬ 
ence  that  the  computer  will  be  receiving  the  data  instead  of  punching  the 
data  on  paper  tape.  In  order  to  allow  the  necessary  flexibility  in  the 
operation  of  the  system,  as  many  of  the  control  functions  as  possible  are 
provided  to  the  computer.  The  use  of  the  RDF  system  by  manual  control 
through  the  data  acquisition  system, as  in  the  existing  system,  has  also 
been  retained  as  a  possible  mode  of  operation  if  the  computer  cannot  be 
used. 
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The  computer  will  operate  in  the  system  as  a  control  and  data  pro¬ 
cessing  element  and  will  control  the  data  acquisition  system  by  means  of 
command  words  output  to  the  data  system.  When  the  data  system  has  com¬ 
pleted  the  collection  of  data  it  will  issue  an  interrupt  to  the  computer. 

The  computer  will  then  read  the  data  out  of  the  data  system  into  the  com¬ 
puter  memory.  With  the  phase,  amplitude,  frequency  and  time  together  with 
the  geometrical  constants  of  the  antenna  array,  the  computer  can  determine 
the  angles  of  arrival.  Processed  data  will  then  be  output  to  the  teletype 
and  high  speed  punch. 

The  teletype  and  high  speed  punch  will  provide  the  output  of  data  to 
the  operator  and  permanent  data  recording.  Since  the  teletype  has  a 
limited  output  rate  (10  cps),  samples  of  data  or  averages  of  data  will  be 
the  real  time  output  t''  the  operator.  The  paper  tape  punch  is  also  limited 
in  output  rate  (240  cps)  in  relation  to  the  speed  at  which  the  system  will 
be  able  to  operate,  so  only  processed  data  will  be  punched  on  paper  tape 
for  data  recording.  If  the  recording  of  all  raw  data  becomes  desirable,  a 
high  speed  output  device  could  be  added  to  the  system.  The  teletype  will 
also  be  used  by  the  operator  to  specify  to  the  computer  the  modes  of  opera¬ 
tion  of  the  system.  The  high  speed  paper  tape  reader  will  be  used  to  load 
system  operating  programs  into  the  computer.  The  high  speed  reader  and 
high  speed  punch  will  also  be  very  useful  in  the  assembly  of  programs  on 
the  computer  since  they  are  much  faster  than  the  reader-punch  combination 
of  the  teletype.  The  real  time  clock  will  provide  timing  pulses  to  the 
computer  for  use  in  generating  timing  data. 

The  operation  of  the  system  will  be  under  the  control  of  the  computer, 
but  the  operator  must  tell  the  computer  what  is  to  be  done.  The  operator 
will  issue  commands  to  the  computer  through  the  teletype  to  initialize  the 
operation  of  the  system  and  to  start  the  data  collection  process.  The  opera¬ 
tor  will  specify  the  data  formats,  number  of  data  samples,  the  kind  of  pro¬ 
cessing,  and  the  type  of  output.  If  special  programs  for  processing  of 
data  are  required,  the  operator  will  load  the  necessary  programs  using  the 
tape  reader.  Once  the  proper  commands  have  been  issued  to  the  computer, 
the  operator  will  start  the  system  by  a  command  on  the  teletype  and  the 
computer  will  proceed  to  automatically  collect,  process  and  output  data. 


IV.  Priority  Interrupt  System 

The  operation  of  all  the  peripheral  devices  in  the  system  will  be  on 
a  priority  interrupt  basis  with  the  input  and  output  of  data  to  the  compu¬ 
ter  handled  by  the  interrupt  sj'Jtem.  The  interrupt  and  I/O  are  an  import¬ 
ant  part  of  the  application  of  tha  computer  to  the  RDF  system.  The  block 
diagram  in  Figure  3  shows  the  different  devices  in  the  interrupt  structure 
and  the  relative  priority  level  of  csch.  Each  device  is  connected  to  the 
bidirectional  I/O  bus  and  is  assigned  a  priority  according  to  which  device 
has  to  be  serviced  first  by  the  computer.  The  priority  levels  are  actually 
determined  by  jumper  wires  on  the  interface  for  each  device  and  can  be 
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Figure  3.  Priority  Structure 
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changed  if  desired.  When  more  than  one  device  shares  a  priority  such  as 
the  paper  tape  punch  and  reader,  the  highest  priority  is  given  to  the 
device  closest  to  the  computer  on  a  priority  leve... 

The  real  time  clock  is  assigned  the  highest  priority  because  of  the 
need  to  maintain  time  accurately.  Much  of  the  experimental  data  collected 
uses  a  clock  to  accurately  start  the  data  collection  process  at  a  parti¬ 
cular  time  and  to  take  data  for  a  particular  time  interval.  The  real  time 
clock  will  interrupt  the  computer  with  clock  pulses  and  the  computer  will 
accumulate  time  for  use  in  operating  the  system  and  also  to  be  output  as 
data. 


The  data  acquisition  system  is  assigned  the  next  priority  level. 

There  are  two  interrupts  possible  from  the  data  acquisition  system  because 
the  RDF  system  will  operate  in  two  interrupt  modes.  The  two  modes  are  used 
because  of  the  different  operations  that  must  be  done  when  using  two-or 
three-channel  receivers  in  the  system.  The  two -channel  receiver  can  sample 
only  two  antenna  signals  at  one  time,  so  the  receiver  must  be  switched  in 
sequence  to  each  of  the  three  antenna  pairs  of  the  three  element  antenna 
array.  Because  only  two  signals  are  sampled,  only  one  differential  phase 
and  one  amplitude  are  available  to  the  computer.  The  antenna  switching 
and  resultant  settling  time  of  the  instruments  limits  the  speed  of  the 
data  samples  to  approximately  one  phase  and  amplitude  reading  every  8-9 
milliseconds.  When  the  data  for  a  sample  have  been  converted  and  stored 
by  the  data  acquisition  system,  an  interrupt  is  generated  and  the  computer 
reads  in  the  data.  This  process  is  continued  until  the  phases  and  ampli¬ 
tudes  at  each  antenna  pair  have  been  received  by  the  computer.  The  computer 
can  then  start  the  data  collection  process  for  another  complete  sequence 
of  data  samoles,  and  process  the  data  for  the  previous  samples.  This  mode 
of  operation  will  be  limited  in  data  sample  rate  by  the  equipment  in  the 
RDF  system.  The  second  mode  of  operation  of  the  system  is  using  the  three - 
channel  receiver  and  three  phase  and  amplitude  detectors  to  simultaneously 
make  the  phase  and  amplitude  measurements  at  the  three-antenna  pairs.  Since 
this  operation  does  not  involve  switching  antennas,  the  speed  is  basically 
limited  by  the  response  time  of  the  phase  meters  and  the  conversion  time 
of  the  A-D  converter.  With  the  three -channel  receiver  operating,  the  data 
acquisition  system  collects  all  the  phase  and  amplitude  data  and  then 
generates  an  interrupt  to  the  computer.  The  computer  then  takes  the  data 
from  the  data  system  memory  as  fast  as  the  1/0  capability  of  the  computer 
allows  the  data  to  be  read.  The  signals  generated  by  the  I/O  operation  of 
the  computer  are  used  to  clock  the  data  into  a  register  for  access  by  the 
computer.  The  computer  program  keeps  count  of  the  data  words  that  are  in¬ 
put  from  the  data  system  and  at  the  end  of  the  data  block,  the  computer 
resets  the  system  and  starts  a  new  data  collection  process.  When  the  data 
are  stored  in  memory  using  either  mode,  the  computer  will  return  to  the  pro¬ 
gram  that  was  interrupted  and  continue  processing  the  previous  data  to 
determine  angles  of  arrival.  The  mode  of  operation  using  the  three-channel 
system  is  much  faster  than  the  two-channel  system;  consequently,  the  three- 
channel  interrupt  on  priority  level  5  is  of  higher  priority  than  the  two- 
channel  interrupt. 
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The  high  speed  punch  and  reader  are  assigned  to  the  next  priority 
level.  The  main  consideration  in  assigning  the  punch  a  high  priority 
level  is  to  maintain  the  maximum  output  word  rate  when  punching  tape.  To 
keep  the  punch  operating  at  its  maximum  rate  (240  cps),  a  word  must  be 
supplied  every  4  ms.  The  interrupt  signal  for  the  punch  will  indicate  to 
the  computer  that  the  punching  of  a  character  is  complete  and  that  a  new 
character  may  be  transferred  to  the  punch  and  punching  initiated. 

The  paper  tape  reader  will  not  be  used  when  the  system  is  operating 
but  will  be  used  to  load  program  tapes  into  the  computer.  The  interrupt 
is  used  to  keep  the  reader  operating  at  the  maximum  rate  by  requesting  an 
interrupt  when  a  new  character  has  been  read  and  is  ready  for  the  computer. 

The  teletype  is  assigned  the  lowest  priority  of  the  peripheral  devices 
because  it  is  the  slowest  device  and  can  be  serviced  last  in  the  priority 
list.  The  teletype  printer  will  be  used  to  output  data  to  the  operator. 

In  order  to  keep  the  printer  operating  at  its  maximum  rate  (10  cps),  a  new 
character  must  be  supplied  by  the  computer  every  100  ms.  The  interrupt 
will  be  used  to  indicate  to  the  computer  that  the  printer  is  ready  to 
receive  a  new  character.  The  keyboard  of  the  teletype  will  also  generate 
an  interrupt  when  a  key  is  struck  on  the  keyboard.  The  keyboard  must  be 
read  within  18  ms  to  ensure  no  loss  of  information,  so  the  keyboard  is 
assigned  a  higher  priority  than  the  printer  on  priority  level  4. 

The  computer  CPU  in  Figure  3  is  shown  with  priority  level  0,  the 
lowest  priority  possible.  This  is  normally  the  way  the  computer  will 
operate  since  the  main  program  the  computer  will  be  running  will  be  con¬ 
sidered  the  background  program  which  can  be  interrupted  by  any  of  the 
peripheral  devices.  The  computer  used  ir.  the  system  has  the  capability 
to  change  the  priority  at  which  it  is  running  any  program  and  also  all 
interrupts  can  be  disabled  by  the  computer  if  desired.  For  example,  if 
an  interrupt  is  received  from  the  punch  on  level  5,  the  interrupt  service 
routine  for  the  punch  can  set  the  priority  at  which  the  service  routine 
is  being  executed  at  level  6  and  exclude  all  Interrupts  from  level  6  or 
below  until  the  service  routine  is  completed  and  the  computer  returns  to 
the  interrupted  program.  The  interrupt  of  each  device  can  be  enabled  or 
disabled  by  the  program  by  setting  or  clearing  a  bit  in  the  control  buffer 
for  each  device. 

The  typical  operation  of  an  interrupt  starts  with  the  computer  ena¬ 
bling  the  interrupt  in  a  device.  When  a  device  has  data  ready  or  can 
accept  data,  it  issues  an  interrupt  request  on  its  priority  level.  The 
computer  sees  the  interrupt  request  and  sends  a  request  grant  signal  in 
serial  fashion  to  each  device  on  the  priority  level.  The  device  that 
requested  an  interrupt  blocks  the  grant  signal  from  other  devices  and  puts 
its  unique  vector  address  on  the  data  lines  of  the  I/O  bus.  The  computer 
reads  the  address  and  use?  the  address  to  locate  the  start  of  the  device 
interrupt  routine  and  also  to  locate  a  new  priority  status  word.  The  com¬ 
puter  has  a  facility  for  automatically  maintaining  a  hardware  stack  in 
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memory  that  contains  the  location  to  which  the  program  should  return  after 
completion  of  the  interrupt  and  also  the  machine  state  at  the  time  of  the 
Interrupt.  In  this  way  at  the  end  of  each  interrupt  service  routine,  the 
instruction  to  return  from  interrupt  will  automatically  restore  the  ma¬ 
chine  state  and  will  start  executing  the  program  at  the  proper  location.  The 
computer  can  maintain  this  memory  stack  to  any  level  of  interrupt,  limited 
only  by  exceeding  the  memory  size  allotted  to  the  stack.  The  device  ser¬ 
vice  routines  can  also  use  this  stack  to  temporarily  save  the  contents  of 
the  computer  registers  if  they  are  used  in  the  service  routine  and  then 
restore  the  registers  before  returning  to  the  interrupted  program.  The 
automatic  interrupt  and  hardware  stack  is  one  of  the  outstanding  features 
of  the  computer  and  eliminates  the  program  software  usually  used  to  accom¬ 
plish  the  same  task. (^) 

In  summary,  the  operation  of  the  computer  peripherals  will  be  or.  an 
interrupt  basis.  The  computer  will  be  running  a  background  program  using 
data  collected  from  the  RDF  system  to  calculate  angles  of  arrival  and  will 
be  interrupted  whenever  a  peripheral  requests  an  interrupt.  The  peripher¬ 
als  will  be  interrupting  either  with  data  for  the  computer  (RDF  system, 
clock)  or  to  signal  the  computer  that  it  is  ready  to  accept  data  (punch, 
teletype) .  The  computer  will  automatically  branch  to  the  interrupt  rou¬ 
tine  for  the  interrupting  device,  perform  the  requested  service,  and  then 
return  to  the  main  program  to  continue  the  calculation  of  angles  of 
arrival. 


V.  Angle  of  Arrival  Calculation 

After  the  data  collection  process  for  one  data  block  has  been  com¬ 
pleted,  the  computer  will  have  stored  in  its  memory  the  necessary  differ¬ 
ential  phase  data,  frequency,  and  time  that  is  necessary  to  calculate 
alpha  (a)  and  theta  (6),  the  azimuthal  and  incidence  angles  of  arrival  of 
the  signal.  The  differential  phases  are  measured  at  each  pair  of  antennas 
shown  in  Figure  4.  The  physical  arrangement  of  the  antennas  in  the  nested 
arrays  and  the  geometry  for  angle  of  arrival  determination  are  shown  in 
Figure  4.(5)  The  differential  phases  measured  are  the  phase  of  the  signal 
at  antenna  2  with  respect  to  1  (Bl) ,  3  with  respect  to  2  (B2) ,  and  1  with 
respect  to  3  (B3) . 

Bl  ■  D(-~)  cos  a  sin  0 
B2  -  D(~)  cos  (a-120°)sin  6 
B3  ■  D(~)  cos  (a-240°)sin  0 


where  the  symbols  shown  are: 


o^f 


a  ■  azimuthal  angle  of  arrival  measured  clockwise  from  north. 

6  ■  incidence  angle  of  arrival  measured  from  vertical. 

Y  ■  angle  between  antennas  (-60*  for  the  U.  of  I.  system). 

D  ■  antenna  separation  distance. 

X  ■  wavelength  of  signal. 

The  equations  are  solved  for  the  azimuth  and  incidence  angles. 


8  ■  arcsin 
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arctan 


2B2  +  Bl 
n/T  Bl 


-2B3  -  Bl 
a.,  ■  arctan  — ■==. - 

A/  3  Bl 


B2  -  B3 

ou~  -  arctan  — . . 

J  -^3  (B2  +  B3) 

Although  only  two  of  the  three  phase  measurements  are  actually  nec¬ 
essary  to  determine  the  angles  (9  can  be  found  from  only  2  phases  also), 
the  redundant  measurement  is  used  in  the  calculations  shown.  The  three 
values  of  alpha  determined  from  the  above  equations  are  used  to  form  a 
vector  average  angle  in  an  effort  to  cancel  random  error  in  the  measure¬ 
ments. 


Ave.  X  ■  cosCot^)  +  cosCa^)  +  003(023) 
Ave.  Y  ■  sinCo^)  +  sin(a^)  +  5^(023) 


o 


arctan 


Ave.  X 
Ave.  Y 
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These  calculations  for  alpha  and  thata  are  to  be  performed  by  the  computer 
in  a  real  time  mode.  The  objective  is  to  perform  these  calculations  for 
each  data  sample  in  the  time  period  of  40  milliseconds.  In  order  to 
achieve  the  necessary  speed,  the  arctangent,  arcsine,  cosine,  sine,  and 
square  root  will  have  to  be  optimized  for  this  application.  Most  programs 
for  these  functions  that  are  available  use  floating-point  arithmetic  and 
provide  answers  with  more  precision  than  is  necessary  for  these  calcula¬ 
tions.  In  general,  the  programs  are  also  too  slow  to  accomplish  the  cal¬ 
culations  in  the  40  millisecond  time  period.  New  subroutines  for  these 
functions  will  be  written,  where  necessary,  for  accomplishing  the  calcula¬ 
tions.  The  general  flow  diagram  for  the  system  is  shown  in  Figure  5. 

This  gives  a  rough  idea  of  how  the  data  proceeds  through  the  program  but 
much  detail  has  been  omitted. 


VI.  Summary 

The  computer  can  be  of  great  use  in  instrumentation  if  properly  used. 
This  application  of  a  computer  to  our  existing  system  is  an  attempt  to 
provide  much  better  utilization  of  the  system  and  of  the  data  collected. 
Much  of  the  advantage  of  an  on-line  computer  is  its  flexibility  through 
programming.  Ideally,  every  function  of  the  system  should  be  available 
to  the  computer.  There  is  a  limit,  however,  to  what  can  be  accomplished 
without  completely  rebuilding  the  system  so  a  compromise  is  made.  The 
operation  of  the  system, as  described,  is  our  attempt  at  an  acceptable  com¬ 
promise  that  can  accomplish  the  minimum  requirements  of  our  problem  and 
perhaps  have  room  for  considerable  expansion  in  capability. 


INITIALIZE 

SYSTEM 
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STOP 


Figure  5.  Operation  Flow  Chart 
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Appendix  A 

Description  of  some  features  of  Digital  Equipment  Corporation 

PDP  11/20  Computer. 

Systems 

Basic  system  consists  of  central  processor,  4K  words  of  16  bit  read- 
write  memory,  and  ASR  33  Teletype.  Memory  expandable  to  32K,  both  read- 
write  and  read-only  memory  available.  Peripherals  such  as  disc,  magnetic 
tape  are  available. 

Unibus 

Single  bus  structure  in  which  all  peripherals,  the  central  processor 
and  memory  share  the  same  bus.  Peripheral  devices  are  assigned  memory 
locations  and  all  Instructions  operate  on  device  memory  locations  exactly 
as  for  regular  memory  locations.  Devices  can  control  the  bus  and  transfer 
data  directly  to  memory  or  to  another  peripheral  device.  Interlocked  com¬ 
munication  between  devices  on  the  bus  makes  communication  independent  of 
physical  bus  length  and  response  time  of  devices. 

Memory 

Basic  read-write  core  memory  has  a  cycle  time  of  0.950  microseconds 
and  an  access  time  of  500  nanoseconds.  Read-only  memory  in  256  word  and 
1024  word  sizes  available. 

Central  Processor 

Eight  general  registers  are  program  accessible  and  can  be  used  as 
accumulators,  index  registers,  etc.  Six  registers  are  general-purpose 
while  the  seventh  is  a  stack  pointer  and  the  eighth  is  the  program  coun¬ 
ter.  A  four-level  automatic  priority  system  uses  a  hardware  vector  ad¬ 
dress  for  each  device  to  allow  the  interrupt  servicing  hardware  to  auto¬ 
matically  select  and  begin  executing  the  device  service  routine.  A  hard¬ 
ware  stack  is  automatically  maintained  for  interrupt  processing  which  con¬ 
tains  the  return  address  for  the  interrupted  routine  and  the  processor 
status.  Device  service  routine  priority  is  independent  of  interrupt 
priority  and  can  be  changed  by  program.  Data  transfers  can  be  made 
directly  between  any  peripheral  devices  without  participation  by  the  cen¬ 
tral  processor  (NPR  transfers).  Transfer  rate  from  memory  is  at  memory 
speed  of  0.950  microseconds  per  word. 

Instruction  Set 

Both  single  and  double  operand  instructions  are  used.  Double  operand 
instructions  allow  memory-to-memory  operations.  A  full  complement  of  byte 
instructions  is  provided.  Addressing  modes  include  full  16  bit,  byte, 
deferred  and  Indexed  modes,  autoincrement,  and  autodecrement  addressing 
modes . 
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A  COMPARISON  OF  METHODS  FOR  DETERMINING  ANGLE  OF  ARRIVAL  WITH  A  CDAA 

R.  E.  Hunninghaus  and  E.  W.  Ernst 
Radiolocation  Research  Laboratory 
University  of  Illinois 
Urbana,  Illinois  61801 

I.  Introduction 

This  study  is  a  comparison  of  the  direction  of  arrival  calculations 
for  the  sum,  difference  and  differential  phase  modes  of  a  Circularly  Dis¬ 
posed  Antenna  Array  (CDAA)  -  Direction  Finding  System.  The  three  methods 
of  direction  of  arrival  calculation  employ  a  digital  computer  to  perform 
the  necessary  computation. 

The  sum  and  differential  phase  mode  calculators  used  in  this  study  are 

similar  to  those  calculators  which  have  been  previously  developed  and  de- 

1  2 

scribed  elsewhere.  '  The  difference  mode  calculator  has  been  specifically 
developed  for  use  in  this  comparison  study. 

The  CDAA  system  data  used  in  this  study  has  been  generated  with  the 

3 

simulation  program  GCAAS.  Ideal  single  signal,  two  signal  wave  interfer¬ 
ence  and  single  signal  with  noise  conditions  have  been  simulated. 

II.  The  Sum  Mode  Calculator 

The  directional  patterns  are  obtained,  for  the  CDAA  system  under  con¬ 
sideration,  by  first  combining  the  individual  outputs  from  the  two  groups 
of  scanning  elements  to  form  two  separate  outputs.  These  two  outputs  (the 
right  bank  voltage  and  the  left  bank  voltage)  are  then  combined  to  form  the 
directional  patterns  for  the  CDAA  system.  The  different  ways  in  which  the 
two  outputs  can  be  combined  lead  to  the  three  different  modes  considered 
here.  The  sum  mode  pattern  is  the  magnitude  of  the  phasor  sum  of  the  two 
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separatc  outputs,  for  each  sample  point  taken  during  one  complete  scan  of 
the  system. 

The  general  configuration  of  the  sum  pattern  (Figure  1)  is  such  that 
there  is  one  primary  lobe,  with  lesser  secondary  lobes  on  either  side. 

The  sample  points  which  comprise  the  primary  lobe  are  those  sample  points 
for  which  the  boresight  setting  is  in  the  general  vicinity  of  the  direc¬ 
tion  of  arrival  of  the  incoming  signal. 

The  sum  direction  of  arrival  is  calculated  as  the  centroid  of  sum 
data  values  for  the  sample  points  in  the  primary  lobe.  The  primary  lobe, 
for  this  calculation,  is  defined  as  the  lobe  containing  the  sample  point 
with  the  maximum  sum  data  value  in  the  sum  pattern  (sample  point  P  ) . 

The  limits  of  the  primary  lobe  are  defined  as  the  sample  points  (P^  on  the 
left  and  Pf  on  the  right)  for  which  the  next  sample  point  (away  from  Pm) 
will  have  a  data  value  less  than  10%  of  the  maximum  data  value  in  the  scan 


or  for  which  the  data  value  is  less  than  the  data  values  of  the  next  two 
sample  points  (away  from  P^) .  If  the  primary  lobe  is  not  centered  in  the 
sampling  window,  a  situation  may  arise  for  which  it  is  necessary  to  define 
P^  or  P^  as  the  side  sample  point  in  the  window,  i.e.,  if  either  of  the 
two  previously  mentioned  tests  fail  to  find  the  limits  of  the  lobe  before 


running  out  of  sample  points.  The  sum  direction  (D  )  is  then  taken  as  the 

s 

centroid  of  the  sum  data  values  (Y  .)  for  the  sample  points  (i)  whose 

s ,  l 


D  - 

s 


Ys/Ys  max 
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Two  arbitrary  criteria  have  been  established  to  determine  whether  or 
not  the  sum  direction  should  be  accepted  as  a  valid  direction  of  arrival. 
The  first  criterion,  which  must  be  met,  is  that  the  difference  between  the 
maximum  and  minimum  sum  data  values  (Ygmax  -  Ygmin)  must  be  greater  than 
or  equal  to  the  average  sum  data  value  for  the  n  sample  points  in  the  sum 
pattern,  i.e., 


Y  max  -  Y  min 
s _ s 

n 


>  1.0 


(  I  V  >/n 
i-1  * 

The  second  criterion  is  that  the  number  of  sample  points  which  comprise 
the  primary  lobe  is  greater  than  or  equal  to  seven,  i.e.. 


(Pr  -  P£  +  1)  -  7  >  0 

(NOTE:  The  left  refers  to  the  counter-clockwise  direction  and  the  right 
refers  to  the  clockwise  direction.  Since  the  scanner  rotates  in  the  clock¬ 
wise  direction,  the  first  sample  point,  identified  as  i  =  1,  is  on  the 
left  side  of  the  sector  and  the  last  sample  point  taken  in  the  scan,  iden¬ 
tified  as  i  *  n,  is  on  the  right  side  of  the  sector.)  If  both  of  these 
criteria  cannot  be  met,  the  sum  direction  of  arrival  is  rejected  and  it  is 
considered  that  a  direction  of  arrival  for  the  incoming  signal  condition 
cannot  be  determined  from  the  sum  data  in  the  scan. 

A  slight  change  was  made  in  the  routine  for  computing  the  direction 
of  arrival  from  the  sum  pattern.  The  change  affects  the  limit  (P  or  P  ) 
of  the  primary  lobe  when  that  limit  is  close  to  the  edge  of  the  sector. 
Specifically,  the  necessity  of  the  change  arises  when  the  sample  point 
next  to  an  end  sample  point  is  being  considered  (i.e.,  i  ■  2  or  n  -  1). 


When  sample  point  i  ■  2  or  i  ■  n  -  1  is  under  consideration  as  a 
limit  of  the  primary  lobe,  the  "next  two  points  greater"  test  would  use 
points  i  ■  0  or  i  ■  n  +  1  respectively,  but  these  points  are  not  valid 
sample  points  in  the  scan.  The  previous  sum  calculators  did  not  detect 
this  and  supplied  extraneous  information  as  sum  data  values  to  carry  out 
the  test.  This  could  lead  to  including  one  or  two  extra  sample  points  in 
the  primary  lobe.  This  is  rectified  by  changing  the  routine  so  that  when 
sample  points  i  -  2  and  i  ■  (n-1)  are  being  considered  as  lobe  limits, 
the  sum  value  less  than  the  next  two  sample  points  test  is  modified  to 
test  only  the  next  sample  point  (i  ■  1  or  i  ■  n) . 

It  should  be  noted  that  the  other  routines  would  include  extra  points 
in  the  primary  lobe  only  when  the  direction  of  arrival  of  the  incoming 
signal  is  not  in  the  vicinity  of  the  sector  center.  Since  this  is  not 
usually  the  case  the  problem  arises  only  infrequently. 

III.  The  Differential  Phase  Mode  Calculator 
The  differential  phase  mode  pattern  is  the  phase  difference  between 
the  two  separate  outputs  (right  and  left  bank  voltages),  for  the  sample 
points  taken  during  one  complete  scan  of  the  system. 

The  general  configuration  of  the  differential  phase  vs.  boresight 
azimuth  pattern  (Figure  2)  is,  in  the  ideal  situation,  a  continuous  smooth 
curve  with  a  negative  slope  and  a  value  of  zero  when  the  boresight  azimuth 
corresponds  to  the  direction  of  arrival.  The  physical  limitations  of  the 
equipment  cause  the  values  of  the  phase  data  to  be  confined  to  within 
+  180.00  degrees.  Thus  the  differential  phase  pattern  is  a  discontinuous 
curve  (the  discontinuties  being  at  +  180  degrees)  with  a  negative  slope 
at  every  point  along  the  curve,  other  than  the  points  of  discontinuity. 
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Figure  2 


Differential  Phase  Pattern, 


The  differential  phase  direction  of  arrival  is  calculated  as  the 
intersection  of  a  straight  line  which  is  fitted  to  the  continuous  portion 
of  the  pattern  which  corresponds  to  the  primary  lobe  of  the  sum  pattern 
and  the  zero  degree  differential  phase  axis.  The  desired  portion  of  the 
differential  phase  pattern  is  located  by  first  locating  the  sample  point 
with  the  greatest  sum  data  value  (sample  point  P  ) .  The  limits  of  the 
desired  portion  of  the  differential  phase  pattern  are  defined  as  the  sam¬ 
ple  point  (P„),  to  the  left  of  P  ,  whose  differential  phase  value  is 
greater  than  that  of  the  next  two  sample  points  away  from  P^  and  the  sam¬ 
ple  point  (P  ) ,  to  the  right  of  P  ,  whose  differential  phase  value  is  less 
than  that  of  the  next  two  sample  points  away  from  P  .  If  the  direction  of 
arrival  is  not  in  the  vicinity  of  the  sector  center,  a  situation  may  arise 
lor  which  it  is  necessary  to  define  P^  or  P^  as  the  side  sample  points  in 
the  window  if  the  limits  of  the  portion  of  the  curve  are  not  found  before 
running  out  of  sample  points.  A  straight  line  is  then  fitted  to  the  dif¬ 
ferential  phase  data  (Y  .)  whose  boresight  settings  (X.)  lie  within  the 

p,i  I 

desired  portion  of  the  differential  phase  pattern  by  the  method  of  least 
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The  differential  phase  direction  (D^)  is  then  taken  as  the  point  where  the 

Y  differential  phase  value  is  zero. 

P 

D  -  -b/M 
P 

Three  arbitrary  criteria  have  been  established  to  determine  whether 

or  not  the  differential  phase  direction  should  be  accepted  as  a  valid 

direction  of  arrival.  The  first  criterion,  which  must  be  met,  is  that  the 

difference  between  the  maximum  and  minimum  sum  data  values  (Y  max  -  Y  min) 

s  s 

must  be  greater  than  or  equal  to  the  average  sum  data  value  for  the  n  sam¬ 
ple  points  in  the  scan,  i.e.. 


Y  max  -  Y  min 
s _ s 

n 


>  1.0 


<  I  *  !>/» 

i-1  S>1 

The  second  criterion  is  that  the  number  of  sample  points  which  comprise 
the  desired  portion  of  the  curve  is  greater  than  or  equal  to  seven,  i.e.. 


(Pr  -  P4  +  1)  -  7  >  0 

The  third  criterion  is  that  the  slope  of  the  fitted  line  must  be  lr  than 
or  equal  to  one  and  a  halftimes  the  value  of  slope  for  an  ideal  single'  Sig¬ 
nal  arriving  with  a  30  degree  elevation  angle  and  greater  than  ^r  eqiual 
to  one  half  the  value  of  the  slope  for  an  ideal  single  signal  arriving 
with  a  0  degree  elevation  angle,  i.e., 

.5H30o  1  M  <  1.5Moe 

If  these  three  criteria  cannot  be  met,  the  differential  phase  direction  of 
arrival  is  rejected  and  it  is  considered  that  a  direction  of  arrival  for 
the  incoming  signal  conditions  cannot  be  determined  from  the  differential 
phase  data  in  the  scan. 

A  change  was  also  made  in  the  differential  phase  mode  routine  which 
is  similar  to  that  of  the  change  made  in  the  sum  mode  routine.  When  the 

. .  ' 
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sample  point  i  -  2  or  i  ■  n  -  1  is  being  considered  as  the  limit  of 
the  desired  portion  of  the  curve,  the  differential  phase  value  is  only 
compared  to  the  next  point  rather  than  the  next  two  points. 

A  second  change  was  also  made  in  the  differential  phase  mode  routine 
to  improve  its  operation  when  noise  is  added  to  the  incoming  signal  and 
the  continuous  curve  (i.e.,  not  affected  by  the  limitations  of  the  equip¬ 
ment)  can  no  longer  be  considered  as  smooth.  For  this  case,  consider  the 
possibility  of  a  sample  point  (i  -  a)  to  the  left  of  Pm  for  which  the  fol¬ 
lowing  conditions  hold, 


p(a) 

>  0° 

p(a-l) 

<  0° 

p(a-2) 

>  0° 

'  +  360° 

>  Y  ,  x 

p(a-l) 

P  (a) 

p(a-2) 

>  Y  ,  N 
p(a) 

and 

(see  Figure  3).  For  this  case  it  is  desired  that  P^  ■  a  since  the  sample 

point  i  ■  a  -  1  is  not  considered  as  being  part  of  the  desired  portion  of 

the  differential  phase  curve,  but  the  previous  routines  would  detect  that 

Y  ,  >  Y  ,  ,  and  Y  .  >  Y  ,  thus  i  ■  a  would  not  be  detected 

p(a-2)  p(a)  p(a-2)  p(a-l)’ 

as  the  limit  and  Y  ,  , N  will  be  included  in  the  least  squares  fit.  This 

p(a-l) 

can  be  rectified  by  modifying  the  routine  such  that  the  left  limit  (P^) 
is  defined  as  the  next  sample  point  closer  to  P^  than  a  sample  point  having 
a  negative  value  which  is  to  the  left  of  three  consecutive  sample  points 
with  values  greater  than  or  equal  to  zero  and  the  right  limit  (P^)  is 
defined  as  the  next  sample  point  closer  to  P^  than  a  sample  point  having 
a  positive  value  which  is  to  the  right  of  three  consecutive  sample  points 
with  values  less  than  or  equal  to  zero.  This  test  is  made  in  addition  to 

the  previously  used  test  for  the  limits  P.  and  P  . 
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Figure  3.  Differential  Phase  Pattern,  Noise  Signal  Added. 
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lt  should  be  noted  that  this  additional  test  was  added  to  handle  con¬ 
ditions  where  the  noise  level  is  approximately  the  same  as  that  of  the 
incoming  signal,  since  this  is  not  the  case  in  the  previously  recorded 
data  for  the  University  of  Illinois  system,  it  should  cause  little  effect 
on  the  results  of  previous  calculations. 

IV.  The  Difference  Mode  Calculator 
The  difference  mode  pattern  is  the  magnitude  of  the  phasor  difference 
of  the  two  separate  outputs  (right  and  left  bank  voltages),  for  the  sample 
points  taken  during  one  complete  scan  of  the  system. 

The  difference  mode  direction  of  arrival  calculation  is  based  on  the 
principle  that  when  the  boresight  azimuth  corresponds  to  the  direction  of 
arrival,  for  the  incoming  signal  conditions,  the  magnitude  of  the  differ¬ 
ence  between  the  right  and  left  bank  voltages  will  be  at  a  relative  mini¬ 
mum  (see  Figure  4)  and  when  the  boresight  azimuth  differs  slightly  from 
the  direction  of  arrival,  in  either  direction,  the  system  will  record  the 
greatest  values  of  the  magnitude  of  the  difference  between  the  bank  vol¬ 
tages.  These  two  relative  maximum  values  of  difference  data  are  referred 
to  as  the  greater  and  lesser  peaks  of  the  primary  lobes  (depending  upon 
which  is  greater  than  the  other)  in  the  difference  data  values  (v  s.  bore¬ 
sight  azimuth)  scan  pattern.  The  difference  mode  direction  of  arrival  is 
then  calculated  by  using  those  sample  points  between  the  pea’-s  of  the  two 
primary  lobes  whose  difference  value  is  less  than  that  of  the  difference 
value  of  the  lesser  primary  lobe  peak  and  the  direction  of  arrival  is  then 
taken  as  the  centroid  of  the  difference  between  the  lesser  peak  value  and 
the  values  of  these  sample  points  at  their  corresponding  boresight  settings. 


DIFFERENCE  PATTERN 
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For  this  digital  computation  of  the  direction  of  arrival  no  assump¬ 
tion  is  made  about  the  direction  of  arrival  in  order  to  locate  the  rela¬ 
tive  minimum  in  the  difference  pattern,  where  the  boresight  azimuth  corre¬ 
sponds  to  direction  of  arrival,  as  is  made  in  the  differential  phase  mode 
calculator.  Thus,  the  difference  mode  direction  of  arrival  is  to  be  cal¬ 
culated  by  only  considering  the  difference  data  for  the  scan. 

Since  there  will  be  several  relative  minima  within  the  scan  pattern, 
which  may  have  difference  values  less  than  that  of  the  relative  minimum 
of  interest,  it  will  not  be  possible  to  locate  the  relative  minimum  where 
the  boresight  azimuth  corresponds  to  the  direction  of  arrival  upon  an 
evaluation  of  the  minimum  values  of  the  scan  pattern.  As  an  alternative 
solution,  the  relative  minimum  of  interest  will  be  located  as  the  relative 
minimum  between  the  peaks  of  the  two  primary  lobes  of  the  pattern. 

The  peak  of  the  greater  primary  lobe  can  be  easily  located  as  the 
sample  point  having  the  greatest  lifference  value  in  the  pattern,  but  the 
location  of  the  peak  of  the  lesser  primary  lobe  is  a  greater  problem. 

After  the  consideration  of  several  possible  alternatives,  it  has  been 
decided  that  the  most  effective  method  of  locating  the  lesser  peak  is  to 
define  the  lesser  peak  as  the  sample  point  which  has  the  greatest  differ¬ 
ence  between  its  difference  value  and  lowest  difference  value  found  for  a 
sample  point  between  that  sample  point  and  the  sample  point  defined  as  the 
greatest  peak  in  the  scan.  This  method  of  locating  the  lesser  lobe  peak 
tends  to  eliminate  the  possibility  that  a  relative  maximum  which  mav  still 
be  considered  as  a  part  of  the  greater  primary  lobe  will  be  detected  as 
the  peak  of  the  lesser  primary  lobe.  Once  the  peaks  of  the  two  primary 
lobes  are  located,  the  calculation  for  the  direction  of  arrival  may  be 
developed  in  a  straight-forward  manner. 
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The  first  step  In  the  routine  for  calculating  the  difference  mode 

direction  of  arrival  is  to  locate  the  sample  point  (P  )  which  has  the 

ml 

greatest  difference  value  (Y^max^)  in  the  scan.  Considering  first  the 

sample  points  to  the  left  of  ,  it  is  necessary  to  locate  the  lowest 

difference  value  (Y^min^  between  P^  and  the  sample  point  of  interest 

(i).  The  peak  of  the  next  greatest  lobe  to  the  left  of  P  is  then  defined 

ml 

as  the  sample  point  (P^  having  the  greatest  difference  between  its  dif¬ 
ference  value  (Y^p  )  and  the  lowest  value  (Ydminp  )  between  P^  ^  and 

A  ,  A  A ,  A 

P  for  the  sample  points  i  ■  1,2,..., P  .  If  a  minimum  sample  point  can- 
m^  m^ 

not  be  found  between  i  ■  1  and  P  ,  then  P#  .  is  defined  as  P.  ■  1. 

Xi  |  jc  jc  |  m 

Similar  considerations  are  then  carried  out  for  the  sample  points  to  the 

right  of  P  to  locate  the  peak  of  the  next  greatest  lobe  to  the  right  of 
ml 

P  as  the  sample  point  (P0  )  having  the  greatest  difference  between  its 


m 


difference  value  (Y,  _  )  and  the  lowest  value  (Y.min^  )  between  P. 

d  PA, r  d  TA,r  i,r 

and  P  for  the  sample  points  i-P  ,P  +1,  P  +  2,i..,n.  Again  if 

m  ^ 

a  minimum  sample  point  cannot  be  found  between  i-P  and  n,  then  P„ 

m^  Xt ,  r 

is  defined  as  P„  -  n.  Once  the  peaks  of  the  lobes  on  each  side  of  P 
i. ,  r  r 

have  been  defined,  the  peak  of  lesser  primary  lobe  (P  )  is  then  defined 

nirt 


as  the  adjacent  lobe  which  has  the  greater  difference  between  its  value 
and  the  minimum  value  found  between  it  and  P  ,  i.e. ,  if 

V 

(Ydp  -  Ydminp  )  i  (Ydp  -  Ydminp  ) 

A,  r  A,r  A, A  A, A 


tm 


A,r 


Ydmax2  "  YdP 


A,r 


Y^mi^  -  Ydminp 


A,r 


then 
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and  if 


(YdP  -  Ydmlnp  )  <  (YdP  -  Vinp  '* 
A,r  £,r  Z,SL  1,1 


then 


Y  .max. 


l, l 


dP 


l, l 


Y.mln-  ■  Y,min_ 
d  2  d  Pi,£ 

The  difference  mode  direction  of  arrival  (D  '  is  then  calculated  as  the 

U 

centroid  of  the  area  in  the  difference  data  (v  s.  boresight  settings)  scan 

pattern  between  the  two  primary  lobes,  as: 

P 

IHa 


r  f 

I  Vd  1 

i-p  1  ’ 

m. 


ITl* 


i-P 


d,  i 


m. 


where 

Yd,i 

-  Ydmax2 

-  Yd,i  lf 

Vax2  ”  v 

and 

Yd,i 

-  0 

if 

Yd”ax2  -  Yd,i 

Three  arbitrary  criteria  have  been  established  to  determine  whether 

or  not  the  difference  direction  should  be  accepted  as  a  valid  direction  of 

arrival.  The  first  criterion,  which  must  be  met,  is  that  the  difference 

between  the  maximum  and  minimum  difference  data  values  (Y  .max,  -  V  ,min) 

d  1  d 

must  be  greater  than  or  equal  to  0.7  of  the  average  difference  data  values 
for  the  n  sample  points  in  the  scan,  i.e.. 


Y.max,  -  Y.min 
d  1 _ d 

n 


u.7 


C  l  V  )/n 

i-1 

The  second  criterion  is  that  the  number  of  sample  points  which  were  used 

in  the  calculation  of  D,  (i.e.,  the  sample  points  between  P  and  P  for 

d  ’  m^  m2 
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whlch  ^  <  ¥^8X2  is  greater  than  or  equal  to  four.  The  third  criterion 
is  that  the  difference  between  the  difference  value  of  the  lesser  peak  and 
the  lowest  difference  value  found  between  the  greater  and  lesser  peak 
(¥^8X2  -  '/jtninj )  should  be  greater  than  or  equal  to  0.3  of  the  differ¬ 
ence  between  the  maximum  and  minimum  difference  values  (Y^max^  -  Y^min^) , 
for  the  scan,  i. e. , 

(Y.max-  -  Y.min0) 

— — .  >03 

(Y^max-j  -  Y^min^ )  — 

If  these  three  criteria  cannot  be  met,  the  difference  direction  of  arrival 
is  rejected  and  it  is  considered  that  a  direction  of  arrival  for  the  in¬ 
coming  signal  conditions  cannot  be  determined  from  the  difference  data  in 
the  scan. 


V.  Simulated  Signal  Conditions 

The  simulated  signal  conditions  used  in  this  comparison  of  the  three 

nodes  of  direction  of  arrival  calculations  were  produced  by  the  simulation 
3 

program  GCAAS,  using  the  system  parameters  of  the  University  of  Illinois 
CDAA-RDF  system.  These  parameters  are: 

Number  of  antenna  elements 
Reflecting  cylinder  radius 

Reflecting  cylinder  to  antenna  element  distance 
Number  of  sample  points  per  scan 
Spacing  between  successive  sample  points 

Low  Band 

Number  of  scanning  elements  ■  48  24 


-  120 

-  145.5  meters 
*»  6.0  meters 

-  30 

*  1.0  degrees 
High  Band 


Cophasal  angle 


■  20.0  degrees  10.0  degrees 
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It  was  desired  to  compare  the  three  modes  of  direction  of  arrival 
calculations  under  single  signal,  two  signal  wave  interference  and  single 
signal  with  noise  conditions.  The  simulated  signal  data  was  produced  by 
first  arbitrarily  establishing  a  standard  signal  condition,  for  each  of 
the  three  classes  of  signal  conditions,  and  then  varying  one  of  the  signal 
conditions  parameters  about  the  standard  conditions.  The  standard  condi¬ 
tions  for  the  three  classes  of  signal  conditions  are  given  in  Table  1  and 
the  signal  condition  for  which  data  was  produced  is  listed  in  Table  2. 

It  should  be  noted  that  the  signal  condition  data  was  produced  for  both 
the  low  and  high  band  system. 

VI.  Methods  of  Comparing  the  Three  Calculators 
The  comparison  of  the  performance  of  the  modes  of  calculation  will 
be  carried  out  by  an  evaluation  of  the  average,  standard  deviation  and 
range  (max  -  min)  of  the  calculated  directions  of  arrival  and  the  number 
of  rejections  for  each  of  the  calculations,  for  those  signal  conditions 
containing  more  than  one  scan.  For  the  single  scan  signal  conditions 
(Class  I),  the  directions  of  arrival  for  the  scan  and  their  acceptance 
or  rejection  will  be  the  only  method  of  evaluating  the  performance  of  the 
calculators. 

Since  the  aximuthal  angles  of  the  primary  and  secondary  signals  and 
sector  center  are  all  arbitrary  and  the  primary  signal  and  sector  center 
azimuth  are  usually  the  same,  the  direction  of  arrival  and  average  direc¬ 
tion  of  arrival  will  be  given  as  the  direction  of  arrival  minus  the  sector 


center. 


Class  I  Class  II  Clas9  III 

Single  Signal  Two  Signal  Interference  Single  Signal  With  Noise 
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| 

I 


I 


Signal 

Condition 


Class 


TABLE 


Parameter 
Being  Varied 


1 

I 

Frequency 

2 

I 

Elevation  Angle 

3 

I 

Azimuthal  Angle 

4 

II 

Standard 

5 

II 

Secondary  Azi¬ 
muthal  Angle 

6 

II 

Secondary  Eleva¬ 
tion  Angle 

7 

II 

Secondary  Signal 
Amplitude 

8 

II 

Relative  Pha8e 
Between  Primary 
and  Secondary 

9 

II 

Relative  Phase 
Between  Primary 
and  Secondary 

10 

III 

Relative  Noise 
Amplitude,  Sig¬ 
nal  Centered 

11 

III 

Relative  Noise 
Amplitude,  Sig¬ 
nal  off  Center  , 

12 


III 


Relative  Noise 
Amplitude,  Sig¬ 
nal  off  Center 


Variation  of  Parameter 


FREQC  =  4.0,7.0,12.0,16.0  &  21.0  MHz 


ELEV^  -  0.0  — >  30.0,  A  10.0  deg 


AZMj^  -  105.0 — >  7.50,  A  -  2.5  deg 


AZM0  -  90.0  — >  100.0,  A  1.0  deg 


ELEV2  -  0.0  — >  30.0,  A  10.0  deg 


AZM2  -  0.10  — >  0.90,  A  -  0.1 
&  -  0.91  — >  1.00,  A  -  0.01 


(ISCAN.PSTJ  -  (100,  3.6  deg/scan) 
■  (10,  36.0  deg/acan) 
-  (1,  360.0  deg/acan) 


ISCAN  *  10 
PST2  -  324.0 


AZK1  =90.0  deg 

ANOIS  =  0.1  — >  1.0,  A  -  0.1 


AZM^^  =95.0  deg 

ANOIS  =  0.2  — >  1.0,  A  =  0.2 


AZM^^  =  100.0  deg 

ANOIS  -  0.2  — »  1.0,  A  0.2 
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It  should  be  noted  at  this  point  that  It  was  never  expected  that  the 
criterion,  imposed  on  the  direction  of  arrival  calculators,  would  reject 
all  the  calculated  directions  of  arrival  which  were  not  within  a  reasonable 
displacement  of  the  known  direction  of  arrival.  Rather,  the  selection  cri¬ 
terion,  as  considered  in  this  study,  is  used  to  determine  whether  the  given 
scan  pattern  configuration  conforms  to  the  general  scan  patter  which  the 
direction  of  arrival  calculators  were  developed  to  handle. 


VII.  The  Calculated  Directions  of  Arrival 


SIGNAL  GROUP  I 


Single  Signal  -  Varying  Frequency 


FREQZ 

Low  Band 

High  Band 

(MHz) 

Sum 

Diff. 

Dif.  P. 

_ 

Sum 

Diff. 

Dif.  P. 

Direction  of  Arrival 

4.0 

0.000 

0.000 

0.000 

0.000 

7.0 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

1 SLO  1 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

,  U.o 

0.000 

0.000 

0.000 

0.000 

0.000 

21.0 

0.  ooo 

0.000 

0.000 

0.000 

Number  of  Rejections 

0 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

12.0 

0 

0 

0 

0 

0 

0 

16.0 

0 

1 

0 

0 

0 

0 

21.0 

0 

1 

1 

0 

0 

0 

NOTE:  The  phase  delays  for  the  delay  lines  were  calculated  for  the  given 
frequencies . 

The  purpose  of  these  signal  conditions  were  basically  to  "check  out" 
the  three  calculators  and  determine  whether  any  of  the  selection  criteria 


are  overly  severe. 
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T.ie  two  difference  mode  rejections  and  one  differential  phase  mode 
rejection  in  the  low  band  were  brought  on  when  the  number  of  sample 
points  used  in  the  direction  or  arrival  calculations  were  less  than  the 
arbitrarily  set  minimum.  These  rejections  are  due  to  the  narrower  beam 
which  is  formed  at  higher  frequencies;  if  the  azimuthal  angle  between 
successive  sample  points  was  decreased,  the  direction  of  arrival  could 
then  be  determined  at  these  higher  frequencies.  The  sum  and  differential 
phase  mode  rejection  in  the  high  band  was  a  result  of  the  fact  that  the 
maximum  minus  minimum  sum  value  was  less  than  the  average  sum  value  for 
the  scan.  This  rejection  was  due  to  the  broader  beam  which  is  formed  at 
this  lower  frequency;  if  the  sampling  window  was  widened  (i.e.,  more 
sample  points  of  the  same  interval  between  points  were  taken  in  the  scan) 
the  direction  of  arrival  could  then  be  determined  at  this  lower  frequency. 
Since  16.0  and  21.0  MHz  are  not  low  band  frequencies  and  4.0  MHz  is  not 
a  high  band  frequency,  the  rejections  that  occurred  can  be  attributed  to 
"over  driving"  the  system. 

Since  the  directions  of  arrival,  which  were  not  rejected,  were  all 
properly  calculated  (i.e.,  00.0,  AZM^  -  SECT  ■  0.0)  and 
the  rejections  which  occurred  were  to  be  expected  from  the  design  of 
the  system,  this  indicates  that  the  direction  of  arrival  calculators 
are  functioning  properly. 
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SIGNAL  GROUP  2 

Single  Signal  -  Varying  Elevation 


ELEV 

Low  Band 

High  Band 

Sum 

Diff . 

Dif.  P. 

Sum 

Diff. 

Dif.  P. 

Direction  of  Arrival 

0.0 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

10.0 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

20.0 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

30.0 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

Number  of  Rejections 

0.0 

0 

0 

0 

\J 

0 

0 

10.0 

0 

0 

0 

0 

0 

0 

20.0 

0 

0 

0 

0 

0 

0 

30.0 

0 

0 

0 

0 

0 

0 

Again  the  purpose  of  this  group  of  signal  conditions  was  to  "check 
out"  the  three  calculators  and  to  determine  whether  any  of  the  selection 
criterion  were  too  severe  over  the  range  of  elevation  angles  investigated. 
Since  all  the  directions  of  arrival  were  properly  calculated  and  no 
rejections  occurred,  this  indicates  that  the  three  calculators  are 
functioning  properly. 

SIGNAL  GROUP  3 

Single  Signal  -  Varying  Azimuth 
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Number  of  Rejections 

-15.0 

0 

1 

0 

0 

1 

0 

-12.5 

0 

1 

0 

0 

1 

0 

-10.0 

0 

0 

0 

0 

0 

0 

-  7.5 

0 

0 

0 

0 

0 

0 

-  5.0 

0 

0 

0 

0 

0 

0 

-  2.5 

0 

0 

0 

0 

0 

0 

0.0 

0 

0 

0 

0 

0 

0 

2.5 

0 

0 

0 

0 

0 

0 

5.0 

0 

0 

0 

0 

0 

0 

7.5 

0 

0 

0 

0 

0 

0 

10.0 

0 

0 

0 

0 

0 

0 

12.5 

0 

1 

0 

0 

1 

0 

15.0 

0 

1 

0 

r\ 

u 

1 

J. 

r\ 

\J 

From  the  results  from  this  group  of  signal  conditions  it  can  be 
seen  that  both  the  sum  and  differential  phase  modes  will  begin  to  show 
errors  in  the  calculated  direction  of  arrival  when  the  incoming  signal 
is  offset  more  than  five  degrees  from  the  sector  center,  while  the 
difference  mode  accurately  calculates  the  direction  of  arrival  for  a 
signal  up  to  ten  degrees  off  the  sector  center. 

The  errors  in  the  sum  mode  calculations  can  be  readily  accounted 
for  by  the  fact  that  a  portion  of  the  primary  lobe  is  beyond  the  side 
of  the  window  and  the  centroid  of  the  remaining  portion  of  the  lobe  is 
taken  as  the  direction  of  arrival. 

The  difference  mode  rejections  which  occurred  for  the  signal  12.5 
degrees  off  the  sector  center  were  brought  on  when  the  number  of  sample 
points  available  for  use  in  the  direction  of  arrival  calculation  was 
found  to  be  less  than  the  required  minimum  number  of  points.  The 
rejections  at  15.0  degrees  off  the  sector  center  occurred  because  the 
depth  of  the  valley  between  the  two  "apparent"  primary  lobes  was  less 
than  three  tenths  of  the  difference  between  the  maximum  and  minimum 
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difference  values  in  the  scan.  Upon  consideration  the  reason  for  these 
rejections  became  quite  apparent  as  one  of  the  two  primary  lobes  is 
lost,  first  diminshing  the  number  of  sample  points  in  the  valley  between 
the  primary  lobes  and  then  disappearing  completely  from  the  scan  patterns 
causing  a  secondary  lobe  to  be  considered  as  a  primary  lobe. 

The  errors  in  the  differential  phase  mode  calculations  are  brought 
on  by  the  nature  of  the  least  squares  calculation  when  the  sample  points 
do  not  include  a  substantial  portion  of  one  side  of  the  scan  of  interest 
decreasing  the  symmetry  about  the  zero  degree  phase  point.  It  should  also 
be  noted  that  these  errors  in  calculation  are  small,  0.035  degree  or  less. 

Even  though  the  difference  mode  calculator  has  the  greatest  range 
of  direction  of  arrival  calculation  without  errors,  it  should  be  noted 
that  the  differential  phase  mode  calculation  has  such  small  errors  that  it 
displays  the  best  performance  for  off  centered  incoming  signals  over  the 
entire  range  of  sampling  window.  It  should  also  be  noted  that  the  sum 
mode  calculation  gives  the  worst  results  for  off  centered  signals. 


SIGNAL  GROUP  4 

Two  Signal  Interference  -  Standard 


Low  Band 

Sum  Diff.  Dif.  P. 

High  Band 

Sum  Diff.  Dif.  P. 

Average 

-0.218  0.011  0.129 

0.676  -0.025  0.112 

Standard  Deviation 

1.400  1.145  1.081 

1.039  1.467  1.261 

Range 

4.576  3.449  3.492 

3.922  3.942  3.309 

Number  of  Rejections 

0  0  0 

O 

o 

o 

-25- 


^rom  these  first  results  for  the  two  signal  Interference  condition, 
it  is  interesting  to  note,  that  even  though  the  amplitude  of  the  secondary 
signal  is  eight  tenths  of  the  primary,  how  the  calculated  directions  of 
arrival  tend  to  favor  the  azimuth  of  the  primary  signal.  It  will  he 
considered  in  the  rest  of  this  report  that  the  primary  signal  azimuth  is 
the  desired  answer  to  the  direction  of  arrival  calculations  for  two 
signal  wave  interference  conditions. 


SIGNAL  GROUP  5 

Two  Signal  Interference  -  Varying  Secondary  Azimuth 


azm2 

-  SECT 

Sum 

Low  Band 

Diff. 

Dif.  P. 

Sum 

High  Band 

Diff.  Dif.  P. 

Average 

0.0  deg 

0.007 

-0.004 

0.001 

0.071 

0.002 

-0.000 

1.0 

-0.009 

-0.008 

0.031 

0.246 

0.033 

0.057 

2.0 

0.218 

0.011 

0.129 

0.676 

-0.025 

0.112 

3.0 

0.515 

0.015 

0.130 

0.678 

0.049 

0.191 

4.0 

0.572 

-0.021 

0.213 

0.931 

0.186 

0.303 

5.0 

0.740 

-0.030 

0.371 

0.978 

0.069 

0.497 

6.0 

1.024 

0.074 

0.436 

0.955 

-0.084 

0.474 

7.0 

1.303 

0.177 

0.489 

1.183 

0.057 

0.611 

8.0 

0.996 

0.249 

0.591 

1.229 

0.197 

0.675 

9.0 

1.097 

0.001 

0.608 

1.141 

0,080 

0.644 

10.0 

1.241 

0.015 

0.700 

0.981 

-0.014 

0.783 

Standard  Deviation 

0.0 

0.033 

0.041 

0.011 

0.187 

0.041 

0.006 

1.0 

1.096 

0.640 

0.647 

0.593 

0.726 

0.663 

2.0 

1.400 

1.145 

1.081 

1.039 

1.467 

1.261 

3.0 

1.460 

1.561 

1.467 

1.674 

1.941 

1.672 

4.0 

1.853 

1.882 

1.773 

1.825 

2.105 

1.897 

5.0 

2.043 

2.102 

2.014 

2.024 

2.503 

2.099 

6.0 

2.173 

2.378 

2.153 

2.140 

2.573 

2.264 

7.0 

2.267 

2.443 

2.277 

2.39i 

2.579 

2.372 

8.0 

2.248 

2.449 

2.410 

2. 289 

2.528 

2.323 

9.0 

2.319 

2.410 

2.396 

2.288 

2.447 

2.368 

10.0 

2.303 

2.469 

2.407 

2.020 

2.359 

2.406 
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azm2 

-  SECT 

Sum 

Low  Band 

Diff . 

Dif.  P. 

Sum 

High  Band 

Diff. 

Dif.  P. 

Range 

0.0 

0.122 

0.133 

d.039 

0.614 

0.145 

0.024 

1.0 

3.620 

2.030 

2.105 

2.107 

1.953 

1.956 

2.0 

4.576 

3.449 

3.492 

3.922 

3.942 

3.309 

3.0 

4.861 

4.355 

4.282 

4.738 

4.979 

4.256 

4.0 

5.701 

4.863 

4.735 

4.866 

5.344 

4.840 

5.0 

5.491 

5.170 

5.023 

4.841 

5.529 

5.311 

6.0 

5.574 

5.445 

5.222 

5.091 

5.728 

5.430 

7.0 

5.588 

5.716 

5.375 

5.473 

5.866 

5.733 

8.0 

5.515 

5.837 

5.453 

5.436 

5.946 

5.667 

9.0 

5.301 

5.906 

5.496 

5.569 

6.032 

5.881 

10.0 

5.184 

5.882 

5.553 

5.177 

6.183 

6.155 

Number  of  Rejections 

WM 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

■£■ 

0 

0 

0 

0 

0 

0 

■SI 

0 

0 

0 

0 

1 

b 

HIS 

0 

0 

0 

0 

1 

0 

5.0 

0 

o 

0 

0 

3 

0 

6.0 

0 

1 

0 

0 

1 

0 

7.0 

0 

1 

0 

0 

1 

0 

8.0 

0 

1 

0 

0 

1 

0 

9.0 

0 

0 

0 

0 

0 

0 

10.0 

0 

1 

0 

0 

1 

q 

From  this  group  of  signal  conditions  it  can  be  seen  that  the  magni¬ 
tude  of  the  displacement  of  the  calculated  direction  of  arrival  from  the 
primary  azimuth  is  for  the  most  part  directly  related  to  the  displacement 
between  the  incoming  primary  and  secondary  signals.  It  is  again  inter¬ 
esting  to  note,  as  in  the  standard  two  signal  condition,  how  closely 
the  direction  of  arrival  favors  the  primary  signal. 

At  first  glance  it  might  appear  that  the  calculations  are  not 
functioning  properly  because  the  average,  standard  deviation  and  range 
are  not  zero  at  AZM^  -  SECT  =  0.0  degrees.  Consideration  of  the 


-27- 


operation  of  the  simulation  program  in  the  multi-signal  mode  suggests 
that  this  is  to  be  expected.  Note  that  the  zero  simulated  time  is 
obtained  for  the  first  sample  point  in  the  first  scan  rather  than  when 
the  boresight  would  correspond  to  the  sector  center.  Thus,  the  scan 
patterns  for  the  first  scan  in  the  group  will  not  be  symmetric  about 
the  boresight  for  AZMj  ■  SECT. 

After  evaluating  the  average,  standard  deviation  and  range,  the 
difference  mode  gives  the  least  average  error  in  the  direction  of 
arrival  of  the  primary  signal  although  the  standard  deviation  and  range 
are  greater  than  those  obtained  for  the  sum  and  differential  phase  modes. 
Again  the  sum  mode  offers  the  least  favorable  results  in  calculating 
the  direction  of  arrival  of  the  primary  signal. 

A  preliminary  evaluation  of  the  simulated  scan  patterns  suggests 
no  reason  for  the  drop  in  the  magnitude  of  the  difference  between  the 
calculated  direction  of  arrival  and  the  azimuth  of  the  primary  signal 
in  the  difference  mode  at  AZM2  -  SECT  =  9.0  and  10.0  degrees. 

SIGNAL  GROUP  6 

Two  Signal  Interference  -  Varying  Secondary  Elevation 


elev2 

Sum 

Low  Band 

Diff . 

Dif.  P. 

Sum 

High  Band 

Diff. 

Dif.  P. 

Average 

0.0 

mm 

|  | 

|S9 

0.270 

0.129 

0.200 

0.134 

wEBm 

-0.025 

0.112 

0.011 

mm 

0.007 
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elev2 

Sum 

Low  Band 

Diff.  Dif.  P. 

Sum 

High  Band 

Diff. 

Dif.  P. 

Standard  Deviation 

0.0 

2.131 

1.764 

1.421 

1.456 

1.392 

1 

1.851 

1.635 

1.363 

1.497 

1.380 

1.611 

1.482 

1.039 

1.467 

1.261 

1 

1.145 

1.081 

1.036 

1.146 

1.026 

Range 

0.0 

5 .254 

6.482 

5.637 

4.811 

4.539 

4.362 

10.0 

4.770 

5.654 

5.208 

4.712 

4.612 

4.412 

4.801 

5.104 

4.788 

3.922 

3.942 

3.309 

4.576 

3.449 

3.492 

3.125 

3.056 

2.882 

Number  of  Rejections 

0.0 

0 

1 

0 

0 

1 

P 

10.0 

0 

1 

0 

0 

1 

Q 

0 

0 

b 

0 

0 

0 

0 

0 

0 

0 

0 

After  considering  the  results  for  this  group  of  signal  calculations 
it  is  quite  apparent  that  this  is  an  insufficient  amount  of  information 
for  drawing  any  general  conclusions.  It  will  be  noted  though  that  the 
differential  phase  mode  offers  superior  performance  as  far  as  standard 
deviation  and  range  are  concerned,  but  the  difference  mode  has  a  some¬ 
what  better  performance  in  terms  of  average  angle  of  arrival  at  the 
higher  elevation  angle. 

All  the  rejections  except  the  low  band  rejection  at  ELEV2  =0.0  deg 
were  due  to  the  depth  of  the  valley  being  less  than  three  tenths  of  the 
difference  between  the  maximum  and  minimum  difference  values  in  the  scan. 
The  exception  was  rejected  because  its  average  value  was  less  than  seven 
tenths  of  the  difference  between  the  maximum  and  minimum  value  in  the  scan. 
Note  that  this  rejection  occurred  when  the  relative  phase  shift  between 
the  two  signals  was  approximately  180.0  degrees. 
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SIGNAL  GROUP  7 

Two  Signal  Interference  -  Varying  Secondary  Amplitude 


WAMP2 

Sum 

Low  Band 
Diff. 

Dif.  P. 

Sum 

High  Band 
Diff. 

Dif.  P. 

_ 

Average 

1 

0.001 

-0.002 

0.000 

-0.004 

0.003 

-0.005 

0.004 

■ 

0.006 

0.067 

0.004 

0.010 

■ 

0.066 

0.011 

0.150 

0.008 

0.017 

0.094 

-0.011 

0.020 

0.185 

0.008 

0.029 

*  0.250 

-0.006 

0.030 

0.296 

0.009 

0.043 

■ 

0.271 

0.001 

0.050 

-0.004 

0.070 

0.218 

0.011 

0.129 

0.676 

-0.025 

0.112 

I  0.90 

0.249 

0.017 

0.181 

0.696 

0.355 

0.173 

0.91 

0.251 

0.017 

0.186 

0.705 

0.360 

0.177 

0.92 

0.253 

0.017 

0.190 

0.701 

0.365 

0.182 

0.93 

0.263 

0.018 

0.194 

0.709 

1.727 

0.185 

0.94 

0.256 

0.142 

0.199 

0.718 

1.729 

0.213 

0.95 

0.250 

0.142 

0.204 

0.727 

1.731 

0.217 

0.96 

0.252 

0.142 

0.204 

0.205 

1.734 

0.164 

0.97 

0.254 

0.142 

0.208 

1.246 

1.737 

0.162 

0.98 

0.264 

0.142 

0.212 

1.249 

1.746 

0.235 

0.99 

0.265 

0.141 

0.220 

0.707 

1.749 

0.246 

1.00 

0.267 

0.141 

0.225 

0.714 

1.753 

0.404 

Standard  Deviation 

0.10 

0.128 

0.119 

0.119 

0.174 

0.161 

0.139 

0.20 

0.254 

0.244 

0.238 

0.286 

0.323 

0.275 

0.30 

0.338 

0.376 

0.361 

0.386 

0.473 

0.411 

0.40 

0.528 

0.519 

0.489 

0.503 

0.625 

0.557 

0.50 

0.660 

0.652 

0.620 

0.687 

0.792 

0.711 

0.60 

0.843 

0.798 

0.765 

0.861 

0.976 

0.884 

0.70 

0.988 

0.960 

0.921 

0.933 

1.197 

1.066 

0.80 

1.400 

1.145 

1.081 

1.039 

1.467 

1.261 

0.90 

1.646 

1.380 

1.329 

1.222 

1.290 

1.437 

0.91 

1.669 

1.409 

1.359 

1.230 

1.309 

1.459 

0.92 

1.693 

1.438 

1.390 

1.274 

1.328 

1.478 

0.93 

1.692 

1.468 

1.421 

1.281 

2.760 

1.500 

0.94 

1.744 

1.536 

1.453 

1.287 

2.727 

1.479 

0.95 

1.790 

1.566 

1.485 

1.293 

2.696 

1.500 

0.96 

1.813 

1.596 

1.530 

1.697 

2.666 

1.621 

0.97 

1.836 

1.626 

1.564 

2.575 

2.637 

1.643 

0.98 

1.863 

1.658 

1.599 

2.573 

2.592 

1.537 

0.99 

1.888 

1.689 

1.614 

1.416 

2.553 

1.546 

1.00 

1.913 

1.722 

1.649 

1.423 

2.516 

1.381 
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WAMP2 

Sum 

Low  Band 

Diff.  Dif.  P. 

Sum 

High  Band 
Diff. 

Dif.  P. 

Range 

0.10 

0.359 

0.319 

0.321 

0.453 

0.426 

0.363 

0.20 

0.707 

0.651 

0.644 

0.745 

0.855 

0.720 

0.30 

0.990 

1.014 

0.988 

1.054 

1.251 

1.080 

0.40 

1.582 

1.430 

1.3&2 

1.447 

1.665 

1.478 

0.50 

1.960 

1.806 

1.763 

1.904 

2.136 

1.893 

0.60 

2.636 

2.269 

2.244 

2.528 

2.638 

2.366 

0.70 

3.151 

2.814 

2.801 

2.698 

3.244 

2.843 

0.80 

4.576 

3.449 

3.492 

3.922 

3.942 

3.309 

0.90 

5.550 

4.285 

4.331 

4.587 

4.036 

3.785 

0.91 

5.564 

4.386 

4.427 

4.628 

4.091 

3.841 

0.92 

5.701 

4.490 

4.524 

4.788 

4.149 

3.898 

0.93 

5.695 

4.595 

4.623 

4.824 

8.761 

3.955 

0.94 

5.860 

4.703 

4.723 

4.859 

8.658 

4.013 

0.95 

6.008 

4.797 

4.824 

4.891 

8.560 

4.072 

0.96 

6.078 

4.889 

4.964 

4.374 

8.466 

4.063 

0.97 

6.150 

4.982 

5.070 

10.722 

8.374 

4.150 

0.98 

6.225 

5.077 

5.177 

10.719 

8.248 

4.237 

0.99 

6.301 

5.175 

5.218 

5.256 

8.128 

4.325 

1.00 

6.379 

5.274 

5.327 

5.294 

8.015 

4.413 

■ 

_ 

Number  of  Rejection 

0.10 

0 

0 

0 

0 

0 

0 

0.20 

0 

0 

0 

0 

0 

0 

0.30 

0 

0 

0 

0 

0 

0 

0.40 

0 

0 

0 

0 

0 

0 

0.50 

0 

0 

0 

0 

0 

0 

0.60 

0 

0 

0 

0 

0 

0 

0.70 

0 

0 

0 

0 

0 

0 

0.80 

0 

0 

0 

0 

0 

0 

0.90 

0 

0 

0 

0 

1 

0 

0.91 

0 

0 

0 

0 

1 

0 

0.92 

0 

0 

0 

0 

1 

0 

0.93 

0 

0 

0 

0 

1 

0 

0.94 

0 

1 

0 

0 

1 

0 

0.95 

0 

1 

0 

0 

1 

0  j 

0.96 

0 

1 

0 

0 

1 

0 

0.97 

0 

1 

0 

0 

1 

0 

0.98 

0 

1 

0 

0 

1 

0 

0.99 

0 

1 

0 

0 

1 

0 

1.00 

0 

1 

0 

0 

1 

0 

The  general  appearence  of  the  results  for  this  group  of  signal  condi 
tions  is  exactly  what  would  be  expected.  The  sum  and  differential  phase 
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mode  averages  are  directly  related  to  the  secondary  amplitude  and  the 
difference  mode  average  is,  at  first,  surprisingly  close  to  the  primary 
azimuth.  Both  the  standard  deviation  and  the  range  are  directly  related 
to  the  secondary  amplitude,  with  the  differential  phase  mode  showing  a 
slightly  better  performance. 

A  closer  look  at  the  results  of  these  signal  conditions  shows  that 
there  are  three  situations  which  must  be  more  closely  investigated.  The 
first  two  situations  are  the  sudden  jump,  at  ■  .94  in  the  low  band 

and  WAMPj  *  .93  in  the  high  band,  of  the  difference  mode  direction  of 
arrival  from  favoring  the  primary  azimuth  to  favoring  the  secondary  azi¬ 
muth.  The  third  situation  is  the  two  average  sum  directions  of  arrival, 
at  WAMP2  ■  .97  and  .98  in  the  high  band,  favoring  the  secondary  rather 
than  the  primary  azimuth. 

Consider  first  the  sum  mode;  the  sudden  corresponding  jumps  in  the 
irange  suggest  that  one  of  the  directions  of  arrival  calculated  in  the 
■roup  of  scans  for  WAMP2  “  .97  and  .98  is  way  out  of  line.  After  an 
examination  of  the  scan  information  obtained  from  the  simulation  program, 
it  was  found  that  this  was  the  case.  In  the  ninth  scan  of  each  of  the  two 
groups  (at  a  relative  phase  shift  of  approximately  288°)  directions  of 
arrival  of  approximately  97.5  degrees  were  calculated.  This  ninth  scan 
was  also  one  of  the  two  scans  in  the  group  of  ten  scans  having  the  lowest 
maximum  sum  value  for  the  scan;  a  value  of  8.37  as  compared  to  42.78  in 
the  third  scan  (relative  phase  shift  of  72.0  degrees). 

The  sudden  jumps  of  the  difference  mode  calculator  from  favoring  the 
primary  to  favoring  the  secondary  azimuth  are  brought  about  by  the  same  type 
of  detrimental  form  of  the  difference  pattern.  In  the  high  band  it  is 


the  eighth  scan  which  cause  the  problem,  the  other  scan  having  the  lowest 
maximum  sum  and  difference  values  in  the  scan.  Here,  there  are  two  dis¬ 
tinct  valleys  between  which  the  calculator  has  to  choose  and  it  is  appar¬ 
ent  that  the  wrong  one  is  being  chosen  causing  a  direction  of  arrival  of 
98.7  degrees  to  be  calculated. 

It  should  also  be  mentioned  that  all  of  the  high  band  difference  mode 
rejections  occurred  in  the  ninth  scan  and  were  a  result  of  the  valley 
depth  being  less  than  three  tenths  of  the  difference  between  the  maximum 
and  minimum  difference  value  in  the  scan. 

The  jump  in  the  low  band  average  was  caused  by  the  same  sort  of  pro¬ 
blem.  The  low  band  rejections  all  occurred  when  the  average  difference 
value  was  less  than  seven  tenth  of  Che  difference  between  maximum  and 
minimum  difference  value  in  the  scan. 

As  far  as  the  best  mode  of  performance  under  these  signal  conditions, 
the  difference  mode  appears  to  give  slightly  better  results  for  a  secon¬ 
dary  amplitude  of  Jess  than  nine  tenths  of  the  primary  signal.  Above 
nine  tenths  the  differential  phase  mode  is  the  only  reliable  method  of 
calculation. 


SIGNAL  GROUP  8 

Two  Signal  Interference  - 
Varying  Rate  of  Phase  Shift  and  Number  of  Scans. 


PST2  =  360.0  deg/ISCAN  Scans. 


ISCAN 

Low  Band 

High  Band 

Sum 

Diff. 

Dif.  P. 

Sum 

Diff. 

Dif.  P. 

1  Hi 

Average 

H  ■  I 

SH 

0.081 

0.547 

0.081 

0.116 

Wt  : 

mSSM 

0.129 

-0.025 

0.112 

HI 

KsSfl 

0.642 

0.781 

0.996 

0.546 

WBSM 
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ISCAN 

Low  Band 

High  Band 

Sum 

Diff. 

Dif.  P. 

Sum 

Diff. 

Dif.  P. 

Standard  Deviation 

1.242 

1.043 

1.160 

1.323 

1.212 

10 

1 

1.145 

1.081 

1.039 

1.467 

1.261 

_ 

Range 

3.438 

3.499 

4.994 

4.295 

3.996 

10 

1 

4.576 

3.449 

3.492 

3.922 

3.942 

3.309 

_ 

Number  of  Rejections 

1  91 

0 

0 

0 

0 

4 

0 

H 

0 

o' 

o 

0 

0 

0 

mm 

0 

0 

0  1 

0 

0 

0 

It  can  be  seen  from  this  group  of  signal  conditions  that  the  results 
obtained  in  all  three  modes  of  operations  are  dependent  upon  the  sampling 
interval  and  rate  of  r&  ative  phase  shift  between  the  two  incoming  signals. 
In  general  the  average  direction  of  arrival  shows  less  errors  at  the  lower 
rate  of  relative  phase  shift  than  at  the  higher  rates  of  relative  phase 
shift. 

It  should  be  noted  that  the  four  rejections,  in  the  high  band  opera¬ 
tion  for  the  lower  rate  of  relative  phase  shift,  occurred  for  four  succes¬ 
sive  scans.  It  then  becomes  quite  apparent  that  the  results  obtained  for 
the  three  modes  of  operation  are  also  a  function  of  the  initial  phase 
shift  for  the  first  scan  in  the  group,  since  a  rejection  would  also  be 
observed  for  the  two  higher  rates  of  relative  phase  shift  if  the  initial 
phase  was  set  so  that  one  scan  in  the  group  would  have  a  phase  shift 
which  fell  into  the  rejection  range  observed  for  the  lower  rate  of  rela¬ 


tive  phase  shift. 
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SIGNAL  GROUP  9 

Two  Signal  Interference  -  Varying  Rate  of  Phase  Shift 


ISCAN  =  10 

PST2  -  (360.0  *  9)10  -  324.0  degrees 


ISCAN 

Low  Band 

High  Band 

Sum 

Diff. 

Dif.  P. 

Sum 

Diff. 

Dif.  P. 

Average 

10 

0.157 

0.026 

0.065 

0.632 

0.228 

0.129 

Standard  Deviation 

10 

1.328 

1.160 

1.161 

1.370 

1.248 

1.226 

Range 

10 

3.950 

3.423 

3.160 

5.170 

3.932 

3.803 

Number  of  Rejections 

10 

0 

0 

0 

0 

1 

0 

When  the  results  obtained  from  this  group  of  signal  conditions  is 
compared  to  the  results  for  the  last  group  of  signal  conditions,  it  is 
again  observed  that  the  results  are  a  function  of  the  initial  phase 
shift  for  the  scan  and  rate  of  relative  phase  shift. 


-35- 


ANOIS 


Low  Band 
Diff. 


Dif.  P. 


High  Band 
Diff. 


1.390 

1.462 

1.535 

1.843 

1.992 

2.105 

2.250 

2.344 

2.304 

2.384 


Standard  Deviation 


0.276 

0.348 

0.474 

0.555 

0.645 

0.746 

1.561 


.026 

.052 

.077 

0.132 

0.170 

0.228 

0.333 

0.385 

0.439 

0.470 


1.338 

1.345 

1.404 

1.513 
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.025 

0.010 

-0.274 

0.014 
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.081 

0.064 
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0.168 
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.027 
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.080 
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.135 
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ANOIS 
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High  Band 
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Number  of  Rejections 

n 
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0 
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1 
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10 

0 
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From  a  consideration  of  the  standard  deviation  and  the  range  it  can 
be  seen  that  the  differential  phase  mode  of  calculation  displays  the  best 
performance. 

As  would  be  expected  both  the  standard  deviation  and  the  range  are 
directly  related  to  the  amplitude  of  the  noise  signal.  What  is  unexpected 
is  the  large  range  values  for  .the  sum  mode  at  ANOIS  -  0.1.  This  leads  to 
the  conclusion  that  the  sum  mode  calculator  is  susceptible  to  errors  in 
determining  the  limits  of  the  primary  lobe. 

All  of  the  rejections  which  occurred  were  because  the  number  of 


sample  points  available  for  direction  of  arrival  calculations  were  less 
than  the  required  minimum. 
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SIGNAL  GROUP  11 


Single  Signal  With  Noise  -  Varying  Noise  Amplitude 
at  AZM^  -  SECT  -  5.00  deg. 


ANOIS 

Sum 

Low  Band 
Diff. 

Dif.  P. 

Sum 

High  Band 
Diff. 

Dif.  P. 

Average 

EE f 

4.861 

wgm 

4.983 

EBB 

Eel 

5.452 

5.096 

■im 

5.022 

HIM 

0.60 

5.432 
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4.915 

5.044 

5.031 

0.80 

5.225 

5.039 

5.081 

4.839 

5.096 

5.029 

1.00 

5.277 

5.030 

5.138 

4.887 

5.123 

5.016 

Standard  Deviation 

in 

0.807 

0.145 

0.059 

0.090 

0.103 

0.050 
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1.739 

0.294 

0.158 

1.001 

0.204 

0.100 

0.60 

2.073 

0.455 

0.271 

1.503 

0.310 

0.155 

0.80 

2.238 

0.564 

0.378 

1.871 

0.422 

0.204 

1.00 

2.398 

0.708 

0.520 

2.050 

0.530 

0.319 

Range 

0.20 

5.827 

0.780 

0.282 

0.325 

0.602 

0.230 

0.40 

7.161 

1.597 

1.109 

5.538 

1.075 

0.457 

,  7,459 
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0.693 
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7.979 
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2.368 
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« 

0 
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0 

0 

0 

mm 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 
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0 

2 

3 

0 

0 

1.00 

7 

8 

0 

3 

Again,  on  the  basis  of  the  standard  deviation  and  the  range  for  this 


group,  it  is  apparent  that  the  differential  phase  mode  exhibits  the  best 
performance.  It  can  also  be  seen  that  the  performance  of  the  differential 


phase  mode  at  AZM^  -  SECT  ®  5.0  deg.  is  approximately  equivalent  to  its 
performance  at  AZM^  -  SECT  ■  0.00  degrees.  An  unresolved  question  is  the 


! 
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reason  for  the  decrease  in  the  range  and  standard  deviation  in  the  sum 
and  difference  modes  for  AZM^  -  SECT  «»  5.00  degrees  (Signal  Group  11) 
over  AZM^  -  SECT  *  0.00  degrees  (Signal  Group  10). 

Again  all  the  rejections  were  a  result  of  the  small  number  of  points. 

SIGNAL  GROUP  12 


ANOIS 


0.60 

0.80 

1.00 


0.20 

0.40 

0.60 

0.80 
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Single  Signal  With  Noise  -  Varying  Noise  Amplitude, 
at  AZM3  -  SECT  -  10.00  deg. 
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9.837 

9.983 
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.073 
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0 
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0 
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.241 
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0 
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0 

L.  601 
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1.256 
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0 
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0.483  0 

.207 
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.416 
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5.546 
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.701 
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The  differential  phase  mode  again  displays  the  best  performance,  but 
it  now  also  shows  signs  of  improved  performance  (decrease  of  range  and 
standard  deviation)  at  ANOIS  ■  1.00.  The  only  other  significant  results 
is  the  drastic  jump  in  the  range  for  the  difference  mode.  This  was  to  be 
expected  since  the  difference  mode  calculator  was  not  designed  to  distin¬ 
guish  between  the  peak  of  a  lobe  and  the  peak  of  a  spike. 

VIII.  Conclusion 

This  study  is  a  preliminary  presentation  and  evaluation  of  the  results 
from  the  three  modes  for  calculating  direction  of  arrival  which  are  pre¬ 
sently  employed  for  the  set  of  simulated  incoming  signal  conditions.  At 
this  time  the  following  tentative  conclusions  can  be  drawn: 

(1)  From  the  relatively  large  variations  in  the  range,  it  is  obvious 
that  the  average  of  the  results  obtained  over  a  group  of  scans  gives 
a  better  determination  of  the  direction  of  arrival  than  the  results 
obtained  from  the  individual  scans. 

(2)  The  sum  mode  calculation  displays  a  greater  amount  of  error  in  deter¬ 
mining  the  direction  of  arrival  than  the  difference  or  differential 
phase  modes  of  calculation. 

(3)  There  is  a  slight  advantage  in  choosing  the  results  obtained  from 
the  differential  phase  mode  calculator  rather  than  the  difference 
mode  calculator  in  the  determination  of  the  direction  of  arrival. 

It  should  be  stated  that  further  evaluation  of  the  results  obtained 

from  the  three  modes  of  calculation  and  the  simulated  scan  information  is 
planned  in  order  to  determine  more  effective  selection  criterion  and 
methods  of  determining  the  limiting  sample  points  used  in  the  direction 


of  arrival  calculations. 
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I  INTRODUCTION 


The  use  of  the  vertically  polarized  two-element  H-Adcock  antenna 
array  with  a  figure-eight  antenna  pattern  in  the  horizontal  plane  has 
been  an  accepted  radio  direction-finding  technique  since  its  invention 
by  F.  Adcock  in  1919. 

Although,  depending  upon  the  signal-to-noise  ratio  and  the  signal 
polarization,  the  two-element  Adcock  array  is  capable  of  resolving  the 
direction  of  signal  arrival  to  the  order  of  one  degree,  the  usual 
Adcock  configuration  has  several  disadvantages.  Some  of  them  are: 

(1)  The  Adcock  array  must  be  physically  rotated  so 
as  to  null  the  signal. 

(2)  The  Adcock  has  a  180°  ambiguity  that  cannot  be 
easily  resolved. 

(3)  The  signal-to-noise  ratio  is  the  most  unfavorable 
where  the  best  angular  accuracy  is  desired  (i.e., 
in  the  null) . 

(4)  When  the  signal  is  nulled  out,  there  is  no  assurance 
that  a  signal  is  being  received. 

The  purpose  of  this  paper  is  to  describe  a  technique  for  electroni¬ 
cally  scanning  the  Adcock  array  that  permits  the  measurement  of  signal 
bearings  without  physically  moving  the  antenna  array,  provides  a  visual 
display  that  can  result  in  effecting  a  better  signal-to-noise  ratio, 
and  allows  the  signal  presence  to  be  monitored  at  all  times. 

Since  the  V-Scan  requires  no  mechanically  moving  parts,  it  is 
capable  of  rapid  scan  rates  and  could  be  a  useful  tool  for  investigating 
multipath  radio  propagation  phenomena. 


II  ANTENNA  PATTERNS 


Figure  1-A  shows  the  familiar  horizontal  plane  figure-eight  pattern 
obtained  from  an  Adcock  antenna  array  in  which  the  output  signal  is  the 
difference  between  two  vertical  dipole  antennas  where  electrical  spacing 
is  less  than  one-half  wavelength.  For  equal-length  cables  between  the 
dipole  antenna  elements  and  the  array  output,  the  resulting  antenna 
pattern  has  a  null  plane  perpendicular  to  the  base  line  joining  the 
antennas.  Since  this  null  is  in  a  vertical  plane,  there  is  no  error 
due  to  the  vertical  angle  of  arrival.  This  null  may  be  referred  to  as 
the  boresight  axis  of  the  antenna  array. 


Figure  1  shows  the  resulting  change  in  the  antenna  patterns  as  a 
relative  phase,  or  time  delay,  is  introduced  between  the  two  antenna 
elements.  It  is  seen  that  the  null  axis  of  the  array  pattern  can  be 
shifted  and  that  the  null  axes  in  the  horizontal  plane,  except  for  the 
boresight  case,  are  not  reciprocally  related.  The  array  null  lies  on 
the  surface  of  a  cone  rather  than  in  a  plane,  as  is  the  case  for  the 
Adcock  array. 

A  plot  of  null  angle,  referred  to  as  the  boresight  axis,  versus 
electrical  phase  angle,  or  different  time  delay  between  the  antenna 
elements,  is  shown  as  Figure  2. 

Since,  as  it  will  be  shown  later,  this  V-Scan  technique  is  inher¬ 
ently  a  broadband  system,  it  is  appropriate  to  emphasize  at  this  time 
that  the  performance  of  the  V-Scan  array  can  be  described  in  terms  of 
time  delays,  which  are  frequency-independent,  rather  than  in  terms  of 
the  RF  phase,  which  is  frequency-dependent. 

On  Figure  2,  it  was  shown  that  the  null  angle  is  given  by 

0  =  sin  1  (~g  X./d) 

2rf 

where  X/d  describes  the  antenna  aperture  and  3  the  relative  phase  delay 
in  terms  of  2rr  radians.  The  aperture,  d,  in  feet  is  approximately 
equal  to  the  time,  T  ,  in  nanoseconds*  for  a  signal  to  traverse  the 
antenna  aperture,  anci  the  time  period  at  the  signal  wavelength  X  is  X/c. 
Thus,  X/d  is  equivalent  to  X/c  .  3  can  be  expressed  in  terms  of  the 

T 

O 

time  delay,  t,  relative  to  the  signal  period,  X/c.  Thus, 

-3  X  2rrt  X/c  _  t 

2n  d  2tt  X/c  t  ~  ~ 

o  o 

where  c  is  the  velocity  of  light. 

The  null  angle  becomes: 


o 


where  t  is  the  differential  time  delay  in  the  V-Scan  RF  circuit  relative 
to  the  antenna  aperture  in  nanoseconds. 

The  three-dimensional  surface  of  constant  differential  time  delay 
is  a  cone  whose  apex  angle  is  20. 


* 


Actually  0.9836  foot  per  nanosecond. 
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FIGURE  2  NULL  ANGLE  VERSUS  PHASE  OR  TIME  DELAY 


Ill 


DESCRIPTION  OF  THE  V-SCAN  SYSTEM 


Figure  3  shows  a  block  diagram  of  a  V-Scan  system  with  an  Adcock 
array  aperture  of  t  .  It  is  evident  that  the  difference  in  the  time 
of  signal  arrival  °  at  the  two  elements  of  the  Adcock  array  is: 

AT  =  t  sin  0,  where  0  is  the  relative  bearing  of  the  signal  with 
respec?  to  the  boresight  axis  of  the  antenna  array. 

Also  shown  in  Figure  3  are  two  boxes  to  designate  voltage-variable 
time  delay  lines.  The  details  of  these  lines  will  be  described  later. 

The  properties  of  these  voltage-variable  delay  lines  are  such  that  they 
have  a  comparatively  high  insertion  delay,  t,  that  can  be  changed  a  few 
percent  by  the  application  of  a  control  voltage,  v(t).  If  v(t)  is 
applied  to  one  delay  line  and  -v(t)  is  applied  to  the  other  delay  line, 
it  can  be  shown  that  the  time  difference  between  the  left  and  right 
side  of  the  antenna  system  at  time  t  is: 

r  T  T  -j  r  T  T 

At  -  t - 2  gin  a  +  t.  +  —  f (t)  -  t  +  —  sin  0  +  t - —  f (t) 

1  °  2  1  2  J  L  °  2  2 

or 

At  =  -T  sin  0  +  T  f  (t)  . 
o  o 

Since  the  output  of  the  Adcock  array  is  the  difference  between  two 
signals  of  equal  amplitude,  from  each  dipole,  the  result  will  be  zero, 
or  a  null,  when  At  =  0.  Thus,  if  the  output  of  the  array,  as  amplified 
by  a  suitable  RF  radio  receiver,  is  displayed  on  an  oscilloscope  as  a 
function  of  the  voltage  used  to  control  the  voltage-variable  delay 
lines,  a  null  will  occur  on  the  oscilloscope  sweep  corresponding  to  the 
direction  of  signal  arrival. 

Figure  4  is  a  photograph  of  a  complete  V-Scan  system  constructed 
by  SRI.  The  voltage-variable  delay  lines  and  sweep  circuitry  were 
built  as  a  plug-in  unit  for  a  standard  Hewlett-Packard  Model  140  Oscil¬ 
loscope.  This  V-Scan  has  an  electronic  cursor  that  can  be  manually 
adjusted  to  the  notch  in  the  V-Scan  display  by  the  bearing  knob  on  the 
plug-in  unit.  A  digital  shaft  encoder  mechanically  attached  to  this 
knob  provides  a  digital  data  output  for  data  recording. 

A  scan  rate  of  100  Hz  was  used  as  a  matter  of  convenience.  Higher 
scan  rates  may  be  used,  provided  that  the  receiver  bandwidth  is  greater 
than  approximately  three  times  the  scan  frequency.  This  V-Scan  system 
has  operated  with  all  types  of  signal  modulation  —  including  SSB. 

However,  it  must  be  admitted  that  it  is  difficult  to  tune  the  receiver 
to  an  SSB  signal. 

The  block  on  Figure  3  marked  "image  Align"  is  a  phase  shift  circuit 
for  the  100-Hz  sweep  voltage  to  compensate  for  the  time  delay  of  the 
radio  receiver.  If  the  time  delay  through  the  100-Hz  sweep  circuit  is 

not  equal  to  the  time  delay  through  the  receiver,  the  forward  and 
retrace  images  on  the  CRT  will  not  be  in  alignment. 
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FIGURE  3  BLOCK  DIAGRAM  OF  THE  V-SCAN  SYSTEM 


IV  THE  V-SCAN  PRESENTATION 


Figure  5  shows  oscilloscope  presentations  of  the  SRI-developed 
V-Scan  system  for  several  directions  of  signal  arrival.  In  this 
presentation,  the  undetected  IF  frequency  of  the  radio  receiver  is 
displayed  as  a  function  of  a  sine  wave  control  voltage  applied  to  the 
voltage-variable  delay  lines.  The  displacement  of  the  V-Scan  null  is 
proportional  to  the  sine  of  the  relative  bearing  angle  and  is  approxi¬ 
mately  linear  to  ±45°.  The  angular  resolution  of  this  V-Scan  display 
is  nearly  constant  to  approximately  ±60°  of  relative  signal  bearing 
and  degrades  to  zero  at  ±90°  relative  signal  bearing. 

It  is  to  be  noted  that  there  is  no  left/right  ambiguity  in  this 
V-Scan  display.  Signals  to  the  left  or  right  of  the  boresight  axis 
are  always  coirectly  displayed.  There  is,  however,  a  fore/aft  ambiguity, 
since  the  time  difference  of  arrival  for  a  signal  source  at  a  particular 
bearing  relative  to  the  forward  boresight  axis  is  the  same  as  that  for 
a  signal  source  at  the  same  relative  bearing  with  respect  to  the  aft 
boresight  axis.  Since  the  bearing  ambiguities  are  not  reciprocal,  but 
have  a  symmetry  about  ±90°  relative  bearing,  they  can  be  resolved.  For 
example,  by  physically  rotating  the  antenna  a  small  amount,  a  forward 
relative  bearing  will  move  toward  the  center  of  the  V-Scan  display  as 
the  antenna  array  is  rotated  toward  the  indicated  relative  signal 
bearing.  An  aft  relative  bearing  will  move  away  from  the  center  of  the 
V-Scan  display  under  the  same  conditions. 


Since  the  V-Scan  Indicator  displays  the  time  difference  of  signal 
arrival,  the  indicated  bearing,  6^,  will  be  in  error  by: 


sin  8^ 

-  where  i  is  the  vertical  angle  of  signal  arrival. 

cos  lj| 


V  THE  V-SCAN  BANDWIDTH 


Assuming  that  the  V-Scan  is  designed  for  a  specific  antenna  spacing, 
or  aperture  size,  the  upper  frequency  limit  can  be  described  as  the 
maximum  signal  frequency  for  which  only  one  null  will  appear  in  the 
V-Scan  display  pattern. 


(b)  BEARING  APPROXIMATELY  30°  LEFT  (cl  BEARING  APPROXIMATELY  30°  RIGHT 
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FIGURE  5  TYPICAL  V-SCAN  PRESENTATIONS 


This  frequency  corresponds  to  an  aperture  of  X/2  and  may  be  cal¬ 
culated  as: 


f 


h 


492 

d 


MHz,  where  d  is  in  feet. 


A  useful  lower  frequency  limit  for  the  V-Scan  array  is  that  for 
which  the  aperture  is  X/6.  At  this  point,  the  array  gain  is  equal  to 
the  gain  of  one  dipole.  Below  this  frequency,  the  array  gain  decreases 
at  a  rate  of  6  dB  per  octave  of  frequency.  This  lower  frequency  limit 
may  be  calculated  as: 


f 


l 
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d 


MHz,  where  d  is  in  feet. 


It  is  to  be  noted  that  these  frequency  limits  give  exactly  a  3-to-l 
bandwidth  for  the  V-Scan.  However,  the  V-Scan  may  be  operated  below  f^ 
with  reduced  signal  sensitivity.  It  may  also  be  operated  above  the 
upper  frequency  limit,  f^,  if  multiple  nulls  in  the  V-Scan  display  are 
accepted. 

Since  the  voltage-variable  delay  lines  are  designed  as  a  low-pass 
filter,  it  should  be  clear  that  these  lines  do  not  limit  the  low- 
frequency  performance.  It  is  the  loss  in  sensitivity  of  the  Adcock  array 
that  determines  the  lower  limit.  Exceptions  to  this  statement  are  the 
problems  of  matching  the  antennas  to  the  transmission  lines  and  of 
using  RF  transformers  to  match  the  characteristic  impedance  of  the 
delay  lines. 


SRI  has  constructed  a  series  of  V-Scan  systems  to  operate  over  a 
frequency  range  of  more  than  50  to  1. 


VI  THE  TRI-SCAN  SYSTEM 


o 

The  V-Scan  direction  finder  described  has  a  360  azimuthal  coverage. 
However,  unlike  direction  finders  such  as  the  spinning  goniometer  with 
crossed  Adcocks  and  the  various  circularly  disposed  antenna  arrays,  the 
angular  resolution  of  the  V-Scan  is  not  uniform  with  azimuth  angle.  The 
V-Scan  has  excellent  angular  resolution  to  ±60°,  but  the  angular  resolu¬ 
tion  degrades  in  the  region  of  ±60  to  ±90  relative  signal  bearing. 

By  the  use  of  three  antenna  elements  arranged  on  an  equilateral 
triangle,  it  is  possible  to  select  one  pair  of  these  Adcock  arrays 
such  that  a  signal  arriving  from  any  azimuthal  direction  will  not  exceed 
a  60°  relative  bearing  from  the  Adcock  pair  selected  for  that  particular 
signal.  Furthermore,  by  sequentially  sampling  the  three  Adcock  pairs, 


It  is  possible  to  resolve  all  ambiguities,  without  any  need  to  rotate 
the  antenna  system. 

The  geometry  for  the  Tri-Scan  is  shown  in  Figure  6.  Again,  since 
there  are  no  mechanically  moving  parts  in  the  V-Scan,  or  Tri-Scan, 
system,  the  scanning  and  antenna  switching  rates  are  limited  only  by 
the  allowable  bandwidth  of  the  receiving  system. 


\ 

VII  DESIGN  OF  THE  VOLTAGE-VARIABLE  DELAY  LINES 


The  voltage-variable  delay  lines  were  initially  designed  as  a 
constant-k  low-pass  filter  using  varicap  diodes  as  the  shunt  capacitive 
elements.  The  characteristics  of  the  back-biased  varicap  are  such  that 
they  are  nonconducting  and  that  the  diode  junction  capacity  is  a  function 
of  the  bias  voltage.  Phase  shift,  or  time  delay,  through  this  filter 
is  a  function  of  the  ratio  of  the  signal  frequency  to  the  cutoff  fre¬ 
quency  of  the  low-pass  filter.  The  varicap  bias  determines  the  shunt 
capacity,  which,  in  turn,  determines  both  the  cutoff  frequency  and  the 
characteristic  impedance  of  the  filter. 

% 

For  the  varicap  diode  C  =  k(v/4)  ,  where  k  is  the  value  of  the  diode 
capacitance  in  picofarads  for  a  back  bias,  v,  of  4  volts.  For  small 
changes  in  bias  voltage: 

Ac  Av 

C0  vo 

For  the  constant-k  low-pass  filter: 

D  =  /lc7  Zq  =  v  L/C,  and  fc  =  -L 

It  is  evident  that  changing  c  will  change  the  delay,  the  characteristic 
impedance  of  the  line,  and  the  cutoff  frequency. 

The  incremental  time  delay  with  respect  to  the  change  in  capacity 
is: 


D-  -  c  ~  2c  ~  1/4  -0 

Similarly,  the  incremental  impedance  variation  with  respect  to  the  change 
in  capacity  is. 


THE  TRI-SCAN  CONFIGURATION 


Thus,  to  the  first  approximation,  the  change  in  time  delay  per  section 
of  the  low-pass  constant-k  filter  is  directly  related  to  the  allowable 
change  in  the  filter  impedance  level.  Hence,  the  number  of  filter 
sections  required  to  scan  an  antenna  aperture  of  T  nanoseconds  is  pro¬ 
portional  to  the  restrictions  placed  on  the  allowable  variations  in  ZQ. 


where  n  is  the  number  of  sections  in  the  filter. 


As  will  be  shown  later,  f 

c 


n 


IT 


1 


thus: 


For  example,  4rr  filter  sections  would  be  required  if  the  impedance  were 
allowed  to  change  by  25  percent  as  the  aperture  was  scanned,  and  IOtt 
sections  would  be  required  if  the  impedance  changes  were  restricted  to 
10  percent. 

Although  this  simple,  voltage-variable,  constant-k  low-pass  filter 
network  did  serve  to  demonstrate  the  V-Scan  concept,  the  oscilloscope 
calibration  for  relative  signal  bearing  was  found  to  be  dependent  upon 
the  signal  frequency.  The  reason  for  this  is  that  the  group  delay}  D  , 
for  the  constant-k  filter  is:  6 

g  (1  -(f/f  )2)^ 
c 

Figure  7  is  a  plot  illustrating  the  group  time  delay  as  a  function 
of  the  signal  frequency.  Three  curves  are  shown  in  this  figure  to 
indicate  the  time  delays  relative  to  the  boresight  condition.  At  some 
particular  instant  in  time  other  than  boresight,  there  will  be  a  dif¬ 
ference  in  delay,  At,  between  the  two  delay  lines,  corresponding  to  the 


1 


M.  H.  Hebb,  C.  W,  Horton,  and  F.  B.  Jones,  "On  the  Design  of  Networks 
for  Constant  Time  Delay,"  J.  Applied  Physics,  Vol.  20,  p.  G16 
(June  1949) . 


sine  of  the  null  angle,  0.  It  is  seen  from  Figure  7 -A  that  this  time 
difference,  At,  for  the  same  instantaneous  varicap  bias  is  dependent 
upon  the  signal  frequency.  Thus,  with  the  constant-k  low-pass  filter, 
the  relative  signal  bearing  calibration  of  the  oscilloscope  display 
will  be  dependent  upon  the  signal  frequency. 


A  digital  computer  program  written  for  the  CDC  6400  computer 
explored  the  frequency  dependence  of  both  a  lattice  and  an  m-derived 
filter.  From  the  results  of  the  computer  calculations,  it  was  decided 
that  the  ra-derived  low-pass  filter  with  m  =  1.27  and  with  terminating 
half  sections  of  M  =  0.6  should  have  a  nearly  constant  differential 
time  delay  to  approximately  half  the  cutoff  frequency.  This  is  illus¬ 
trated  in  Figure  7-B. 


Careful  construction  of  the  m-derived  delay  lines  has  shown  that 
an  essentially  constant  calibration  can  be  achieved  over  a  3-to-l 
frequency  range.  The  following  expressions  are  useful  to  estimate  the 
delay  line  parameters.  Starting  with  the  constant-k  section: 


L 


k 


and  C, 
k 


1 

TTf  Zn 
c  0 


where  f  is  the  delay  line  cutoff  frequency  and  ZQ  is  the  impedance 
level  of  the  delay  line.  Since  fQ  =  2f^,  and  f^,  the  frequency 

for  which  the  antenna  aperture  is  one-half  wavelength,  is  approximately 


,  1  *  1 

fh  ~  Id  °r  fC  "  d  ' 


where  d  is  the  antenna  aperture  in  nanoseconds  («  feet) , 

v  i  d 

L,  =  -  and  C  =  -  —  .  Thus, 

k  TT  k  TT  ZQ 


0.323  dZQ  nanohenry  and 


=  323  —  picofarad,  where  ZQ  is  in  ohms  and  d  is  in  feet 


NORMALIZED  GROUP  DELAY 
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FIGURE  7  GROUP  DELAY  VERSUS  SIGNAL  FREQUENCY 


For  each  of  the  m  =  1.27  midsections: 


For  the  m  =  0.6  half  sections  used  at  both  ends  of  the  delay  line: 


0.63S  L.  0.535  L, 


Note  the  varicap  diodes  are  not  used  in  the  end  sections. 

Depending  upon  the  cutoff  frequency  and  the  available  varicap 
diode  capacity,  it  is  often  necessary  to  design  the  varicap  delay  lines 
for  a  higher  character!  tic  impedance  than  the  50-ohm  level  usually 
used  for  coaxial  line  anct  to  use  broadband  RF  transformers  at  the  input 
and  output  of  the  delay  lines. 


VIII  CONCLUSIONS 


It  has  been  demonstrated  that  the  V-Scan  technique  developed  at  SRI 
makes  it  possible  to  used  a  fixed  two-element  Adcock  antenna  array  for 
rapid  precision  direction  finding  over  a  120°  (i.e.,  +  60°)  sector. 

It  is  concluded  that,  if  reduced  angular  resolution  is  acceptable, 
the  V-Scan  technique  may  be  used  with  a  fixed  two-element  Adcock  array 
for  direction  finding  over  a  +  90°  azimuth  sector.  With  the  addition 
of  a  third  element  to  form  a  Tri-Scan,  it  is  possible  to  cover  360° 
azimuth  without  reduced  angular  resolution  or  ambiguity. 

It  is  also  concluded  that,  as  a  result  of  the  high  angular  scan  rates 
possible  with  the  SRI  V-Scan  technique,  the  V-Scan  may  have  application 
to  the  investigation  of  multipath  radio  propagation. 
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ABSTRACT 


The  relative  performance  of  several  current  rotating  email* 
aperture  high  frequency  direction  finding  systems  are  compared.  The 
aperture  size  of  these  systems  is  much  less  than  one  tenth  of  a  wave¬ 
length.  Systems  discussed  are  the  simple  loop,  til table  rotating 
vertical  loop,  coaxial  spaced  loop,  and  the  short-baseline  vertical 
dipole  Interferometer.  The  frequency  range  of  Interest  is  2-20  MHz 
with  major  emphasis  given  to  the  4-10  MHz  range.  Relative  perfor¬ 
mance  characteristics  of  Interest  are:  (1)  aperture  size  and  com¬ 
pactness;  (2)  sensitivity;  (3)  method  of  bearing  determination;  (4) 
bearing  censing;  (5)  elevation  angle  determination;  (6)  environ¬ 
mental  susceptibility;  (7)  modulation  tolerance;  (8)  bearing  accuracy 
and  dispersion.  Comparison  is  based  on  the  use  of  the  latest  tech¬ 
niques  in  antenna  design  and  signal  processing.  Relative  performance 
test  data  from  these  small-aperture  DF  systems  for  ground-wave,  sky- 
wave,  and  combination  ground  and  sky-wave  signals  is  discussed. 


RELATIVE  PERFORMANCE  OF  SMALL-APERTURE 
HF/DF  SYSTEMS 

I.  BACKGROUND  AND  INTRODUCTION 

Radio  direction  finding  has  a  long  history  of  development  and 
the  technological  problems  associated  with  the  various  schemes  that 
have  been  employed  are  well  known  and,  in  many  cases,  remain  unsatis¬ 
factorily  resolved. 

A  problem  of  major  concern  is  the  sensitivity  of  a  vertical  loop 
antenna  or  antenna  array  operating  in  the  2-20  MHz  frequency  range  to 
downcoming  waves  which  have  a  significant  amount  of  horizontal  polari¬ 
zation  together  with  the  consequent  bearing  errors  which  result  there¬ 
from.  In  fact,  a  90°  error  in  the  indicated  angle  of  arrival  can  re¬ 
sult  when  such  a  downcoming  wave  dominates. 

rfave  interference  or  multipath  errors  have  their  sources  entirely 
external  to  a  loop  antenna  and  are  a  source  of  bearing  errors  for  all 
DF  systems.  The  loop  antenna  is  much  more  susceptible  to  wave  inter¬ 
ference  errors  because  it  is  a  snail  aperture  device.  Multimode  sig¬ 
nals  which  are  incident  to  the  loop  are  not  only  of  comparable  ampli¬ 
tude,  but  also  arrive  at  different  bearing  angles.  In  addition,  the 
relative  phases  between  these  modes  are  time-variable.  The  resultant 
of  all  these  variations  is  a  corrugated  phase  front  whose  pattern  is 
changing  as  a  function  of  time*  Small-aperture  DF  systems,  particular¬ 
ly  the  loop,  follow  every  corrugation  and  shift  of  the  equi-phase  sur¬ 
face  since  the  aperture  size  is  too  small  for  significant  averaging 
across  corrugations.  It  is  even  possible  that  large  (±90°)  bearing 


•rrore  can  occur  due  to  multipath  affects  even  though  no  horizontal 
components  exist  in  the  incident  field. 

During  unstable  propagating  conditions  the  relative  strength  of 
the  ground  and  sky-wave  may  vary  greatly.  The  ground-wave  and  sky-wave 
combine  to  produce  a  time -variable  elliptically  polarized  field  with 
the  major  axis  which  is  also  a  time-variable ,  neither  vertically  nor 
horizontally  polarized.  These  variations  cause  a  noise-like  time 
variation  of  the  indicated  angle  of  arrival  of  a  signal.  The  signal 
at  the  bearing  indicator  is  further  contaminated  due  to  a  stochastic 
rotation  of  the  polarization  of  the  sky-wave  originating  vdth  varia¬ 
tions  in  the  ionospheric  plasma.  Typically,  this  "indicator  noise" 
degrades  system  performance  considerably  in  terns  of  both  psycholo¬ 
gical  harassment  of  the  operator  and  actual  bearing  error. 

The  virtues  of  snail-aperture  antenna  systons,  particularly  the 
loop,  for  mobile  or  portable  HF/DF  systems  seem  to  warrant  one's 
"learning  to  live  with  its  idiosyncrasies."  However,  in  recent  years 
several  universities  and  research  institutes,  i.e.,  Southwest  Research 
Institute  and  Georgia  Institute  of  Technology,  have  contributed  much 
toward  the  advancement  of  the  state-of-the-art  of  6mall-aperture  HF/DF 
systems.  Georgia  Institute  of  Technology,  in  particular,  has  been 
actively  engaged  in  the  development  of  new  and  improved  HF/DF  systems 
through  work  sponsored  by  the  United  States  Army  Electronics  Command 
under  Contract  Nos.  DA  28-Oh3  AMC-01207(E),  DAAB07-68-C0072,  and 
DAAB07-7C-C0261. 

This  paper  discusses  and  presents  the  relative  performance  of 
several  current  rotating  small-aperture  HF/DF  systems  either  developed 
by  Georgia  Institute  of  Technology  or  used  by  them  as  GFE  for  the 


purpose  of  improving  DF  performance  through  the  implementation  of  sig¬ 
nal  processing  techniques. 

II.  SYSTEMS  DISCUSSED 

The  systems  which  are  discussed  herein  include  the  simple  loop^), 
tiltable  rotating  vertical  loop^»3»li)|  coaxial  spaced  loop^*^,  and 
the  vertical  dipole  interferometer^).  Tables  I,  II,  and  III  list  the 
cperational  features  of  those  HF/DF  systems  developed  by  Georgia  Insti¬ 
tute  of  Technology,  i.e.,  the  simple  loop,  tiltable  rotating  vertical 
loop,  and  the  vertical  dipole  interferometer,  respectively. 


TABLE  I 

Operational  Features  of  Simple  Loop  Dual-Channel  HF/DF  System 


ANTENNAS:  1.  Vertical,  One-Turn,  Untuned  Loop  -  1  ft^  area. 

2.  Whip  -  5  ft.  Vertical. 

RECEIVERS?-  Tracked  HQ-Ui5s. 

SIGNAL  PROCESS!  NO: 

thill  Display.  Each  null  is  displayed  separately,  i.e.,  for  one 
loop  scan,  each  null  paints  only  one-half  of  the  propeller 
pattern.  (Most  conventional  DF  displays  generate  a  complete 
propeller  pattern  for  each  null). 

Fade  Crest  Detection.  Bearing  error  reduction  by  unblanking  dis- 
play  when  conditions  are  favorable  far  minimum  bearing  error.  Three 
types  of  fade  crest  detection  can  be  selected  based  on  signal  and 
fade  conditions. 

Swing  Rate  Discrimination  (SRD).  Error-reducing  technique  for 
time-varying  polarization  errors.  Unblanks  display  at  minimum 
time-rate-of-change  of  bearing  swing. 

BEARING  INDICATOR  DISPLAY:  Variable-persistence,  storage  scope. 

COMMENTS:  Feasibility  model  only.  SRD  work  lead  to  tilted  loop  concept. 


TABLE  II 


Operational  Features  of 

Tiltable  Rotating  Vertical  Loop  Dual-Channel  HF/DF  System 


ANTENNA:  1.  Tiltable,  Rotating  Vertical  Loop  (2.25  ft^  area). 

2.  Vertical  Probe  (9  inches). 

RECEIVER:  Dual-Channel  RACAL  6253B 

SIGNAL  PROCESSING: 

fede  Crest  detection. 


Clutter  Reduction. 

Clutter  reduction  to  eliminate  carrier  on-off  transitions  on 
signals  such  as  ICW  and  SSB  which  clutter  scope. 

Synchronous  Defection. 

Used  To  increase  sensitivity  and  improve  display  characteris¬ 
tics  such  as  propeller  sharpness  and  dynamic  range. 

"Instantaneous11,  On-Line  Sensing. 

Synchronous  detection  provides  far  instantaneous  direct,  on¬ 
line,  sensing. 

Tilted  Loop. 

Delineates  accurate  from  inaccurate  bearings  by  creating 
asymmetry  in  erroneous  bearings. 

Elevation  Angle  Determination. 

Tilted  loop  allows  for  measure  of  elevation  angle  based  on 
change  in  display  characteristics  with  loop  tilted  to  or  near 
the  elevation  angle. 

DISPLAY:  Variable-persistence,  storage  scope  with  display  shaping  and 
selectable  modes  for  bearing  shaping. 

COWiENTS :  Advanced  feasibility  model.  Poor  performance  on  combination 
groundwave/skywave  conditions  lead  to  consideration  of  the 
short-baseline  vertical  dipole  interferometer  for  operation 
in  the  presence  of  these  signal  conditions. 


TABLE  III 

Operational  Features  of 

Short-Baseline  Dual-Channel  Vertical  Dipole  Interferometer  HF/DF  System 


ANTENNA:  Short-baseline  (d  <  0.13)  spaced-vertical  electrically-short 
dipoles.  Ferrite-loading  is  used  to  reduce  susceptibility 
to  horizontal  polarization  and  environment. 

RECEIVER:  Dual-Channel  RACAL  6253B. 

SIGNAL  PROCESSING: 

2  and  A  Hybrid. 

Interferometer  output  feeds  RF  hybrid  to  obtains  and  A.  sig¬ 
nals  to  operate  signal  processing  features  such  as  fade  crest 
detection,  clutter  reduction,  synchronous  detection,  etc. 

Others. 

This  system  uses  some  post-IF  signal  processing.  Correlative 
real-time  averaging  has  also  been  evaluated  with  this  system. 

DISPLAY:  Averaging  display  feature  added.  Tilted  loop  features  included. 


The  coaxial  spaced  loop  systems  whose  performance  characteristics 
are  discussed  herein  are  the  AN/VRD-(  )  and  the  High  Speed  Spinning 
Spaced  Loop,  both  developed  by  Southwest  Research  Institute. 

The  AN/VRD- (  )  consists  of  the  following: 

(1)  Antenna:  Short-baseline  (d  <  0.1A)  coaxial  spaced 

loopfe.  Loop  elements  are  tunable  and  are 
29  inches  square.  Rotation  rate  is  l£0  rpm, 

(2)  Receiver:  R-1218 

(3)  Control  Unit:  Modified  TRQ-23  Control  Unit 
(U)  Azimuth  Indicator:  IP-926 (  )/VRQ 

The  High  Speed  Spinning  Spaced  Loop  DF  System  consists  of  the 
following : 

(1)  Antenna:  Short-baseline  (d<  0.1,})  coaxial  spaced 
loops.  Rotation  rate  is  300RPM.  It  uses  a 
radome. 


(2)  Receivers  R-390/URR 

(3)  Main  System  Control  Unit 
(U)  Remote  System  Control  Unit 

(5)  Azimuth  Indicator. 

The  AN/PRD-5  direction  finder  listed  in  Table  IV  is  man-portable 
and  can  be  operated  in  either  an  aural  or  visual  mode.  The  diameter 
of  the  loop  antenna  is  2 5  inches.  Maximum  antenna  rotation  rate  is 
is  60  RPM.  It  consists  of  a  loop  antenna,  vertical  monopole  sense 
antenna,  control  unit,  receiver,  and  azimuth  indicator. 

III.  RELATIVE  PERFORMANCE  CHARACTERISTICS  OF  INTEREST 

The  relative  performance  characteristics  of  interest  are: 

(1)  Aperture  size  and  compactness. 

(2)  Sensitivity. 

(3)  Bearing  sensing. 

(U)  Method  of  bearing  determination. 

(5)  Elevation  angle  determination. 

(6 )  Environmental  susceptibility. 

(7)  Modulation  tolerance. 

(8)  Bearing  accuracy  and  dispersion. 

The  frequency  range  of  interest  is  2-20  MHz  with  major  emphasis 
on  the  U-10  MHz  range.  Comparison  is  based  on  the  use  of  the  latest 
techniques  in  antenna  design  and  signal  processing.  Comparisons  for 
the  vertical  loop  systems  assume  that  either  post-IF  signal  processing 
or  the  tilted  loop  technique  is  used  for  bearing  error  reduction. 
Without  these  techniques,  simple  loop  performance  is  virtually  useless 


in  the  presence  of  sky  •wave  propagated  signals. 

System  performance  using  synchronous  and  correlation  detection 
is  cited  in  many  many  instances. 

Aperture  Siae  and  Compactness 

The  simple  loop  is  the  smallest  and  most  compact,  followed  by  the 
coaxial  spaced  loop  and  spaced  dipole.  Table  17  compares  the  longest 
linear  dimensions  of  the  BF  antenna  eystems  being  discussed. 


TABLE  IV 

Comparison  of  Longest  Linear  Dimensions 
HF/DF  System  Longest  Linear  Dimension 


AN/PRD-5  25  inches 

Simple  Loop  1  foot 

Tiltable  Loop  1  foot 

AN/VRD-(  )  Spaced  Loop  5  feet 

High  Speed  Spinning  Spaced  Loop  6  feet 

Vertical  Dipole  Interferometer  6  feet 


Since  simple  loop  systems  are  more  compact  they  are  therefore 
rotatable  at  higher  scan  rates.  Simple  and  spaced  loop  systems  have 
been  rotated  as  fast  as  300  RPM.  The  High  Speed  Spinning  Spaced  Loop 
antenna  system  was  designed  to  rotate  at  ijOO  RPM  and  is  enclosed  in 
a  radome.  The  rotation  rate  of  vertical  dipole  interferometer  systems 


is  limited  by  cantilevering  and  rigidity  of  the  vertical  elements. 

The  aperture  size  of  simple  loops  is  limited  by  the  require- 

l 

ment  that  the  circumference  not  exceed  a  fraction  of  a  wavelength  at 
the  highest  operating  frequency  so  as  to  prevent  pattern  break-up. 

The  aperture  size  of  spaced  elements  can  be  larger  -  up  to 
approximately  at  the  higher  operating  frequencies  -  and  is  basic¬ 
ally  limited  by  mechanical  or  physical  size  and  rotation  considera¬ 
tion. 

Loop  systems  are  also  more  amenable  to  further  compactness  by 
use  of  ferrite  loading  whereby  thex  is  increased,  resulting  in  in¬ 
creased  pickup  and  smaller  aperture  size. 

Research  and  development  relative  to  improvement  in  perfor¬ 
mance  of  electrically-short  dipoles  may,  however,  lead  to  spaced 
vertical  dipole  antenna  systems  that  are  physically  smaller  and  more 
competitive  aperture-wise. 


Sensitivity 


In  general,  systems  using  an  interferometer  mode  have  a  lower 
sensitivity  relative  to  a  simple  loop.  This  reduction  in  sensitivity 
is  approximately  where  d  is  the  baseline.  However,  this  difference 
can  be  compensated  for  by  increasing  the  effective  height  of  the  in¬ 
terferometer  elements. 

Relative  sensitivity  can  be  related  to  basic  sensitivity  for  an 
elementary  dipole  and  loop.  The  ratio  of  dipole  pickup  to  loop  pickup 

is  JL.  . 


At  a  frequency  or  10  MHz,  for  a  6  foot  dipole  and  a  single  turn  3oop 
with  an  area  of  1  square  foot,  the  dipole  pickup  is  approximately 
20  dB  higher  than  the  loop  pickup.  This  agrees  fairly  well  with 
measured  relative  sensitivity. 

In  comparing  the  relative  sensitivity  of  a  spaced  loop  with  a 
simple  loop  it  is  interesting  to  note  that  increasing  the  number  of 
turns  on  a  spaced  loop  is  not  very  effective  in  increasing  its 
sensitivity  due  to  the  fact  that  increasing  the  number  of  turns  in¬ 
creases  the  mutual  coupling  between  turns; thereby  decreasing  its  Q  and 
efficiency. 

Spaced  loops  and  spaced  dipoles  must  be  electrically  matched  on 
each  side  of  the  interfere  meter  phase  center  for  optimum  response  and 
balanced  operation. 

Signal  processing  (synchronous  and  correlation  detection)  in¬ 
creases  sensitivity  -  synchronous  detection  by  8-10  dB;  correlation 
detection  by  25-30  dB. 


Bearing  Sensing 

Simple  loop  systems  require  a  separate  sense  antenna.  This  is 
no  problem  if  dual-channel  signal  processing  is  being  used  because  the 
sense  antenna  is  the  auxiliary  antenna  and  sensing  is  instantaneous 


through  the  use  of  synchronous  or  correlation  detection. 


For  spaced  loop  systems,  two  forms  of  ambiguity  must  be  resolved, 
i.e.,  (1)  the  four-way  pattern  due  to  the  presence  of  combination 
simple  and  spaced  loop  nulls;  (2)  the  normal  two-way  ambiguity  on  the 
interferometer  (spaced  loop)  nulls.  In  the  former  case,  four-way 


ambiguity  resolution  is  accomplished  by  changing  polarization  charac¬ 
teristics.  This  is  fine  if  the  polarization  is  changing}  otherwise, 
polarization  hang-up  may  prevent  resolution  for  a  relatively  long 
period  of  time. 

For  spaced  dipole  systems,  sensing  presents  no  problem  if  stun  and 
difference  RF  signals  can  be  obtained  from  the  antenna  array. 

Through  the  use  of  synchronous  and  correlation  detection,  instan¬ 
taneous  6ense  is  provided  with  all  systems  that  are  so  implemented. 

Method  of  Bearing  Determination 

For  the  simple  loop,  the  bearing  is  related  to  the  null  in  the 
loop  antenna  response  pattern.  The  null  response  varies  as  a  function 
of  the  polarization  of  the  incident  signal. 

For  the  spaced  loop  or  spaced  dipole  system,  the  bearing  is  re¬ 
lated  to  the  null  in  the  array  or  interferometer  response  pattern.  This 
null  is  relatively  invariant  as  a  function  of  signal  polarization. 

Elevation  Angle  Determination 

The  tiltable  rotating  vertical  loop  HF/DF  system  is  the  only  one 
which  can  provide  an  estimate  of  the  elevation  angle.  Exact  perfor¬ 
mance  has  not  yet  been  fully  and  quantitatively  evaluated,  however,  its 
accuracy  has  been  estimated  to  be  ±10°  over  an  elevation  angle  range 
of  from  20-70°.  This  implies  that  an  estimate  of  the  angle  of  eleva¬ 
tion  can  best  be  obtained  at  distances  in  the  neighborhood  of  several 
hundred  kilometers.  Best  performance  has  been  obtained  on  one-hop 
transmissions  which  are  dominated  by  polarization  rotation.  Perform¬ 
ance  is  limited  on  greater  than  70°  elevation  angle  signals  with  low 


signal  to  noise  ratios  because  the  sensitivity  drops  off  as  the  cosine 
of  the  tilt  angle* 


HF/DF  qy stems  using  loop  elements  are  less  susceptible  to  lear- 
field  coupling  due  to  the  electrostatic  shielding  of  the  elements  and 
can  thus  operate  in  more  cluttered  environs. 

The  susceptibility  to  near-field  coupling  with  dipole  interfero¬ 
meter  systems  has  been  significantly  reduced  through  the  use  of 
ferrite  loading  on  transmission  lines  to  break  up  current  coupling 
loops. 


Modulation  Tolerance 


All  mechanically  rotated  antenna  systems  are  effected  by  inter¬ 
rupted  carrier  type  transmissions  such  as  OOK ,  SSB,  FSK  (wide  band), 
etc.  Antenna  systems  with  both  higher  scan  rate  capability  and  im¬ 
proved  bearing  display  stability  (inherent  in  interferometer  systems) 
are  less  effected. 

The  simple  loop  can  possibly  be  scanned  faster,  but  the  bearing 
display  will  indicate  increased  fluctuation  (wide  dispersion). 

One  problem  with  spaced  loop  systems  is  the  resolution  of  the 
four-way  sense  ambiguity.  Interrupted  carrier  type  transmissions  make 
this  ambiguity  resolution  more  difficult. 

Correlation  detection  is  inherently  modulation  tolerant  and  is 
virtually  unaffected  by  interrupted  carrier  type  modulations. 


Bearing  Accuracy  and  Dispersion 


Ground-4ave  Only. 

On  vertically  polarized  ground-wave  transmissions,  all  systems 
have  essentially  the  same  accuracy  and  are  limited  solely  by  local 
site  effects. 

Theoretically,  on  horizontally  polarized  ground-wave  trans¬ 
missions,  none  of  the  systems  should  have  a  response. 

Practically,  however,  relatively  large  errors  occur  with  simple 
loops  while  interferometer  systems  have  small  errors.  Table  V  shows 
examples  of  bearing  errors  on  vertically  and  horizontally  polarized 
ground-wave  transmissions. 


TABLE  V 

Examples  of  Bearing  Errors  on  Ground-wave  Transmissions 

HF/DF  System  Bearing  Error  for  Bearing  Error  for 

Horizontal  Polarization  Vertical  Polarization 

Simple  Loop  U3°  ±1° 

Spaced  Loops  and  Dipoles  ±1°  ±1° 


Oround-Wave/iAfeak  Sky-Wave. 

Table  VI  shows  typical  data  over  8-10  kilometer  paths  for  verti¬ 
cally  polarized  ground-wave/weak  sky-wave  transmissions. 


TABLE  VI 

Bearing  Accuracy'  and  Dispersion  Over  8-10  Kilometer  Paths  for 
Vertically  Polarized  Ground-wave /Weak  Sky-wave  Transmissions 

HF/DF  SYSTEM 

Bearing  Accuracy 

Bearing  Dispersion 

Simple  Loop 

±6° 

7° 

Vertical  Dipole 
Interferometer 
(Instantaneous  display) 

±1° 

3° 

/ 

Vertical  Dipole 
Interferometer 
(Correlation  display) 

±1° 

1° 

Table  VI  also  Indicates  a  3*1  reduction  in  bearing  dispersion 
through  use  of  correlation  detection* 

Comparable  Ground-Wave /Sky-Wave . 

This  combination  together  with  the  presence  of  severe  multipath 
effects  presents  a  worse  case  condition  for  HF/DF  systems. 

Interferometer  systems  are  most  often  used  under  these  condi¬ 
tions  because  their  antenna  response  is  such  that  the  high  elevation 
angle  sky-wave  component  is  rejected.  Attempts  are  then  made  to  DF 
on  the  weak  vertical  ground-wave  component.  The  simple  loop  has  only 
a  uniform  elevation  angle  rejection  capability.  Sky-wave  rejection 
for  the  spaced  loop,  spaced  dipole,  and  the  spaced  dipole  using  syn¬ 
chronous  and  correlation  detection  is  a  function  of  cos  9,  cos^  |, 


and  cos^  a,  respectively,  where  i  is  the  elevation  angle. 

It  is,  therefore,  apparent  that  performance  is  best  obtained 
with  the  Vertical  Dipole  Interferometer  used  with  synchronous  and 
correlation  detection.  Table  VII  shows  typical  data  over  a  22  kilo¬ 
meter  path  for  vertically  polarized  combination  ground  and  sky-wave 
components  of  comparable  levels. 


TABLE  VII 

Bearing  Accuracy  and  Dispersion  Over  a  22  Kilometer  Path  for  Vertically 
Polarized  Comparable  Level  Coim  ’nation  Ground  and  Sky-wave  Components 


HF/DF  System  Bearing  Accuracy  Bearing  Dispersion 


Simple  Loop 

(Instantaneous  display)  Generally  Unusable 


Simple  Loop 
(Correlation  display) 

Spaced  Loop 

Vertical  Dipole 
Interferometer 
(Instantaneous  display) 

Vertical  Dipole 
Interferometer 
(Correlation  display) 


±U°  (about  10^  of  ±1*0°  (at  any  given 
the  time )  time ) 


U° 


7° 


1° 


8° 


1° 


U° 


High  Angle  Sly-Wave  Only. 


Due  to  the  inherent  interferometer  mode  rejection  of  high  eleva¬ 
tion  angle  sky-waves,  the  simple  loop  may  show  a  slight  advantage  under 


these  conditions 


With  a  good  signal  to  noise  ratio,  and  over  a  126  kilometer  path 
the  Tiltable  Rotating  Vertical  Loop  DF  System  had  a  mean  bearing 
error  and  standard  deviation  of  approximately  1°  and  9°,  respectively* 
With  a  poor  signal  to  noise  ratio,  use  of  fade  crest  detection 
with  the  tiltable  loop  resulted  in  a  mean  bearing  error  and  standard 
deviation  of  about  10°  and  1U°,  respectively. 

The  vertical  dipole  interferometer  has  not  yet  been  completely 
evaluated  on  its  performance  over  several  hundred  kilometer  path6* 
Although,  as  has  been  previously  stated,  the  simple  loop  may 
have  an  advantage  over  the  interferometer  in  that  it  does  not  reject 
the  sky-wave  component,  it  suffers  from  polarization  hang-up  effects* 

As  the  polarization  rotates  due  to  the  Faraday  effect,  its  direction 
of  rotation  may  reverse.  Prior  to  its  reversal,  the  polarization 
rotation  may  become  stationary  at  some  non-ve: tical  orientation,  there¬ 
by  resulting  in  constant  tearing  error  off-set  which  is  not  reducable 
by  present  antenna  and  signal  processing  techniques.  This  situation 
may  exist  for  minutes.  Usually  the  length  of  time  of  polarization 
hang-up  is  inversely  proportional  to  Ihe  prevailing  fade  rate,  i.e., 
the  lower  the  fade  rate,  the  longer  the  polarization  hang-up. 

Nothing  is  said  about  spaced  loop  qrstem  performance  over  Inis 
path  as  little  performance  data  has  been  obtained. 

Low  Angle  Sky-Wave  Only. 

At  ranges  exceeding  several  hundred  miles,  interferometer  systems 
appear  to  have  lower  dispersion  of  bearing  information  than  the  simple 
loop.  The  accuracy,  however,  is  about  the  same.  Transmissions  over 


these  ranges  are  usually  dominated  by  multipath  effects*  The  larger 
aperture  of  spaced  element  arrays  may  enable  a  slightly  higher  degree 
of  aperture  averaging.  Table  VIII  shows  the  mean  error  and  standard 
deviation  of  bearings  over  paths  exceeding  several  hundred  miles* 


TABLE  VIII 

Mean  Bearing  Error  and  Standard  Deviation  Over  Paths  Exceeding 
Several  Hundred  Miles  for  Low-Angle  Sky-Wave  Transmissions 


HF/DF  System 

No.  Bearings 

Mean  Error 

Standard 

Deviation 

Simple  Loop 
(Used  with  fade 
crest  detection) 

208 

0.5° 

5.6° 

High  Speed  Spinning 
Spaced  Loop 

393 

0.7° 

3.2° 

Vertical  Dipole 
Interferometer 
(Correlation  display) 

257 

0° 

U° 

Additional  performance  data  for  the  High  Speed  Spinning  Spaced 
Loop  over  paths  exceeding  several  hundred  miles  is  shown  in  Table  IX. 

On  transmissions  over  these  loag  paths,  propagation  path  moding 
effects,  i*e.,  steady  off -path  deviations,  are  a  problem  of  serious 
concern  with  all  small-aperture  HF/DF  systems.  Perhaps,  the  reduced 
inaccuracy  and  increased  dispersion  at  the  lower  elevation  angles  as 
noted  in  T<%ble  IX  was  due  to  the  presence  of  larger  moding  effects. 


TABLE  IX 

Mean  Bearing  Error  and  Standard  Deviation  for  the  High  Speed  Loop 
Over  Paths  Exceeding  Several  Hundred  Miles 


Distance 

Sample  Size 

Mean  Error 

Standard  Deviation 

300-1000  miles 

1 1*5 

0.6° 

2.8° 

Greater  than  1000 

miles  232 

0.9° 

3.Ji° 

IV.  SUMMARY 

It  has  been  felt  worthwhile  to  convey  the  general  relative  per¬ 
formance  that  has  been  observed  on  several  current  rotating  small- 
aperture  high  frequency  direction  finding  systems.  All  comparisons 
were  bas;d  on  the  use  of  the  latest  techniques  in  antenna  design  and 
signal  processing.  The  tiltable  rotating  vertical  loop  and  the  short- 
baseline  vertical  dipole  interferometer  were  designed  to  enable  better 
DF  performance  on  ionospherically  propagated  signals.  The  signal  tech¬ 
niques  U'W,  particularly  synchronous  and  correlation  detection,  greatly 
improved  small-aperture  HF/DF  performance. 

The  tiltable  loop,  spaced  loop,  and  vertical  dipole  interfero¬ 
meter  systems  are  rated  relative  to  their  performance  under  each  of 
the  performance  characteristics  of  interest  as  shown  in  Table  I. 

The  numbers  relate  to  performance  as  follows:  1  -  excellent; 

2  -  good;  3  -  fair;  Ij  -  poor;  £  -  unusable. 


TABLE  X 


Relative  Rating  of  the  Performance  of  the  Tiltable  Loop, 
Spaced  Loop,  and  the  Vertical  Dipole  Interferometer 


System 


Performance  Characteristics 

Tiltable 

Loop* 

Spaced 

Loop 

Vertical . 
Dipole 

Interferometer* 

Compactness 

1 

2 

3 

Rotation  Rate 

1 

1 

2 

Sensitivity 

1 

2-3 

1 

Bearing  Sensing 

1 

3 

1 

Method  of  Bearing  Determination 

2 

1 

1 

Elevation  Angle  Determination 

1 

5 

5 

Environmental  Susceptibility 

1 

l 

3 

Modulation  Tolerance 

1 

3 

1 

Bearing  Accuracy  and  Dispersion 
for: 

Ground-wave  (Vertically 

1 

1 

1 

Polarized) 

Ground-wave  (Horizontally 

h 

1 

1 

Polarized) 

Combination  Ground  and  Sky-wave 

h 

2 

1 

High  Angle  Sky-wave 

1 

# 

# 

Low  Angle  Sky-wave 

2 

1 

1 

*  Signal  processing  is  used 

#  More  data  required  to  assess  performance 
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THE  CHANGING  SCOPE  OF  RDF  IN  THE  NAVY 

Prepared  by:  Edward  J.  Kolb 
Naval  Security  Group  Command 


Washington,  D.  C. 


The  Naval  Security  Group  has  been  a  mission  oriented  function  of 
the  U.  S.  Navy  for  over  30  years.  A  significant  task  associated 
with  that  mission  has  involved  the  art  of  Radio  Direction  Finding. 
Perhaps  one  would  prefer  to  call  DF  a  science  but  I  am  sure  that 
many  would  argue  that  it  is  indeed  also  an  art.  The  Navy  today 
almost  exclusively  uses  Radio  Direction  Finding  as  a  step  in  the 
progress  of  deriving  the  (approximate)  location  of  a  target  of 
interest  (sometimes  very  approximate). 

The  birth  of  Radio  Direction  Finding  in  the  U.  S.  Navy  occurred 
around  the  1920s.  The  domain  of  interest  in  this  era  was 
restricted  to  what  we  now  know  as  the  Medium  Frequency  Band. 

Though  the  1930s  the  Navy  expanded  this  effort  into  the  High 
Frequency  Band.  Individual  stations  began  experimenting  with 
combining  efforts  to  form  nets.  The  geographic  coverage  was 
limited  to  the  Atlantic  Ocean  area.  During  the  early  1940s  the 
Navy  essentially  abandoned  the  use  of  the  Medium  Frequency  Band. 

At  the  onset  of  World  War  II  the  Atlantic  HF  Net  was  ready  to 
operate.  A  total  of  about  50  high  frequency  radio  stations 
involving  the  United  States,  Canada  and  Britain  were  operating 
and  many  of  these  were  tied  together  as  nets.  The  Navy  began 
Direction  Finding  Operations  in  the  Pacific  in  the  early  part 
of  the  1940s.  The  first  known  attempt  of  operational  shipboard 
high  frequency  Direction  Finding  application  was  on  a  small 
aircraft  carrier  during  World  War  II.  The  flash  report  was 
copied  directly  by  HF  radio  to  get  the  frequency  of  the  desired 
signal.  The  ship  took  bearings  with  manually  rotated  loops.  In 
less  than  one  hour  the  ship  received  the  fix  generated  by  the  shore 
system  and  fitted  his  bearing  to  that  fix. 

Time  and  frequency  schedules  were  followed  to  track  targets  of 
interest  on  given  hours  of  given  days. 

Experience  during  the  war  years  enabled  the  development  of  a 
strong  central  net  control  which  directed  the  efforts  of  the 
entire  net.  This  net  control  did  not  necessarily  participate  in 
deriving  a  bearing.  Smaller  subnets  were  used  to  provide  bearing 
information  for  fix  computation.  A  crossed  loop  hand  rotated 
antenna  came  into  use  and  the  Navy  introduced  the  use  of  a  Spinning 
Goniometer,  a  Collins  DAB  (2  matched  receivers)  was  used  with  the 
crossed  loop.  Three  rotating  loop  equipments  with  a  24  foot 
diameter  were  built  and  placed  in  operation:  one  each  at  Mare 
Island,  Calif.,  Cheltenham,  Maryland  and  at  Wahiawa,  Hawaii. 

These  were  mounted  on  gun  turrets  and  weighted  20  tons.  They 
were  desigated  CXK.  They  were  of  limited  use  in  that  they 
could  not  cope  with  signals  of  duration  shorter  than  about  30 
seconds.  Antennas  designated  DT  and  DY  were  simi-portable  tripod 
mounted  Direction  Finders  also  in  use.  The  operator  rotated  the 
loops  by  hand. 

Direction  Finding  and  Position  Fixing  during  World  War  II  was 
essentially  accomplished  from  fixed  shore  sites,  except  for  the 
limited  shipboard  participation  previously  mentioned.  Standard 


shore  equipment  during  this  time  was  designated  DAJ .  The  HF 
range  was  covered  In  four  bands  L  1.5  to  3 

M  3  to  7.5 
N  7.5  to  15 
0  15  to  32 

Each  band  had  its  own  receiver,  Goniometer,  RF  distribution  and 
4  element  fixed  Adcock  Antenna. 

In  the  1950s  the  DAJ  was  replaced  with  the  GRD-6a:  2  band  8 
element  array,  2  to  8  MHZ  and  8  to  32  MHZ.  This  became  the 
standard  in  the  HF  modernization  program  of  the  early  50s .  In 
the  mid  50s  Directed-Tuning  was  introduced  wherein  the  net 
control  broadcast  digitally  tuned  the  remote  receiver.  In  1959 
plans  were  formulated  to  develop  a  highly  automated  world  wide 
network  of  HFDF  arrays  known  as  the  Navys  BULLSEYE  System. 

The  University  of  Illinois  Electrical  Engineering  Department 
became  the  custodian  of  th*i  United  States  first  full  scale 
circularly  disposed  antenna  array  commonly  known  as  the 
"WULLENWEBER" .  This  array  is  still  offically  the  property  of 
»-he  U.  S.  Navy  however  historically  the  University  has  had 
complete  authority  to  use  this  array  and  modify  it  or  its  terminal 
equipment  as  they  desire. 

Thus  studies  and  tasks  involving  the  use  of  this  array  may  in  fact 
be  sponsored  or  financially  supported  by  the  other  services,  or 
organization  -  government  or  non-government. 

As  a  consequency  of  this  dedicated  research  effort  of  the  University 
of  Illinois  and  the  Naval  Research  Laboratory,  the  Navy  now  has  a 
highly  automated  world  wide  network  of  WULLENWEBER  arrays  capable 
of  on-line  HF  monitorfng  and  target  position  fixing.  This  system 
is  virtually  free  ct  instrumental  error  and  site  error  has  been 
defined  using  satellite  calibration.  The  only  remaining  error  is 
caused  by  ionospheric  misbehavior  and  that  problem  is  the  principal 
objective  or  our  currently  sponsored  research. 

Lets  us  consider  now  the  significant  aspects  of  technology  that  bear 
upon  us  in  such  a  way  that  they  are  changing  the  scope  of  RDF  in 
the  U .  S .  Navy . 

1.  The  compression  of  signals  in  the  time  domain  is  becoming 
a  significant  threat  to  the  technology  of  acquiring,  integrating 
and  processing  signals  energy. 

2.  Techniques  are  being  used  which  result  in  suppressed  signals 
energy  available  at  the  intercept  receiver  due  to  low  power  used  by 
the  uncooperative  transmitter.  Thus  propagations  conditions  are 
being  used  to  optimum  advantage  to  deny  unintentional  intercept. 

3.  The  past  10  years  has  seen  an  "Explosive"  population  of 
signals  in  the  HF  band  which  is  continually  growing  and  compounding 
the  problem  of  sorting  signals  of  interest  from  the  signal  population. 


4.  Complex  Instrumentation  Is  assuming  a  significant  role 

in  HF  Direction  Finding  and  Position  Fixing.  This  enables  one  to 
transmit  and  receive  over  long  distances  and  inhibit  or  avoid 
detection.  Such  techniques  include  modulation  schemes  which 
vary  frequency,  amplitude,  band  width,  time  associated  with  these 
variables  or  a  combination  of  these. 

5.  The  matured  computer  industry  is  making  a  significant 
contribution  to  the  scope  or  RDF.  Factors  such  as,  large  scale 
integration,  molecular  electronics  etc.,  enable  bulk  reduction 
and  increased  memory  size.  The  development  of  the  dedicated 
computer  and  the  mini  computer  is  enabling  terminal  on-site 
computation.  Computer  to  computer  conversation  mode,  optical 
character  recognition  and  computer  language  translation  will  have 
a  definite  bearing  on  our  business  in  the  coming  decade. 

6.  Automatic  techniques  for  energy  detection  and 
differentiation  will  assume  a  prime  role  in  store,  process  and 
forwarding  of  critical  information. 

7.  Techniques  of  sensing  signals  which  has  been  merged 
with  electromagnetic  energy  will  be  developed  which  will  make 
total  use  of  the  as-received  signal.  Thus,  frequency,  phase, 
amplitude,  time  and  variations  of  these  variables  will  be  included 
in  the  data  bank  of  the  1975-80  RDF  process. 

When  you  couple  these  technological  changes  with  the  geopolitical 
changes  you  get  a  fair  picture  of  what  the  ballgame  is  going  to 
be  in  the  70s  and  possibly  the  80s. 

The  geopolitcal  problems  confronting  us  include: 

1.  Continual  pressure  to  return  overseas  base  real  estate  to 
the  host  country  to  enable  them  free  use  of  their  land. 

•  * 

2.  Continual  pressure  to  abandon  overseas  bases  to  reduce  overseas 
presence  and  thus  reduce  the  U.  S.  military  image. 

3.  Continual  pressure  to  reduce  operational  expenses  to  enable  the 
mission  functions  to  be  fulfilled  with  reduced  financial  support 
brought  about  by  the  international  balance  of  payments. 

Perhaps  one  should  consider  including  the  problem  of  adequate 
intercept  of  non  NATO,  CEATO,  CENTO,  OAS  and  alliance  for  progress 
nations  as  of  prime  concern  however,  intercept  of  many  nations  not 
belonging  to  these  leagues  can  only  effectively  be  accomplished 
by  monitoring  the  ground  wave.  The  growing  evidence  of  limited 
wars  increases  the  problem  of  space  diversity  for  position  fix 
triangulation  from  Navy  shore  sites.  The  need  for  intercept  and 
position  fix  capability  is  a  function  of  range  and  geopolitical 
climate.  It  is  therefore  incumbent  that  the  Navy  achieve  a 
flexible  mobile  capability  which  can  be  dispatched  and  assigned 
to  a  geographic  area  of  interest.  There  may  be  several  systems 
available  and  the  crisis  situation  involved  would  dictate  which 
system  should  be  deployed. 


During  most  of  the  30  years  just  discussed  the  requirements  for 
Radio  Direction  Finding  and  Position  fixing  were  clearly  dictated 
by  factors  which  were  existant  in  this  era.  These  factors  include 
population,  economics,  politics  and  their  inter-relationships. 

It  should  be  clear  that  uniquely  it  is  not  these  factors  but  rather 
the  threat  resulting  from  them  that  concerns  the  Navy.  Today  the 
threat  resulting  from  these  factors  continues  to  be  at  the  core  of 
our  requirements,  however,  the  impact  of  the  factors  has  much  more 
significance. 

The  post  war  expansion  in  population  has  changed  the  geopolitical 
situation  '•rid  this  coupled  with  phenominal  advances  in  technology 
has  result  i  in  considerable  change  in  the  threat.  Technological 
advances  responsible  for  this  change  include  such  things  as: 

1.  Energy  Conversion  which  affects  propulsion  systems  design 
and  thus  mobility. 

2.  Time  Standards  which  affects  synchronization. 

3.  Microminiaturization  which  affects  packaging. 

4.  Computerization  which  affects  information  access. 

We  are  now  in  an  era  which  is  characterized  by  these  and  many  other 
technological  advances.  We  must  therefore  build  our  competance 
around  this  1970-1980-and-beyond  technology. 

The  Navy's  BULLSEYE  System  prides  itself  with  the  success  of  fixing 
targets  at  a  range  of  2  or  3  thousand  miles  with  dependable  accuracy. 
This  was  and  continues  to  be  the  prime  asset  of  the  Navy  Security 
Group.  We  can,  however,  no  longer  think  of  the  range  of  concern  of 
the  Navy  as  limited  to  the  span  of  the  oceans.  The  Navy  is  becoming 
increasingly  involved  in  surveillance  problems  associated  with  limited  * 
wars  or  restricted  geography  thus  presenting  short  range  and  tactical 
direction  finding  problems  to  the  vessels  afloat  and  suggest'  a  need 
for  fixed  portable  operation, 

I  would  like  to  challenge  the  research  community  to  consider  the 
comments  I  have  made  regarding  the  changing  scope  of  RDF  and  the 
geopolitical  trends  and  to  project  their  role  in  the  climate  of 
these  facts.  Come  forward  and  show  us  the  way  to  meet  technology 
of  the  future  head  on? 


The  statements  expressed  in  this  paper  are  those  of  the  author 
and  do  not  necessarily  reflect  official  U.  S.  Navy  Policy. 


THE  RADIOLOCATION  RESEARCH  AND  THE  PATRON 


by 


Edward  J.  Kolb 

Naval  Security  Group  Command 
Washington,  D.  C. 


The  implied/stated  objective  of  this  conference  is  to  bring  together 
those  principal  United  States  researchers  or  representatives  of  those 
researchers  who  are  dedicated  to  performing  basic  and/or  applied  research 
in  High  Frequency  Ionospheric  Radio  Propagation  as  it  affects  the  direction 
finding  process.  This  is  the  forth  such  conference  hosted  by  the  University 
of  Illinois,  the  first  in  1959,  the  second  in  1964,  and  the  third  in  1969. 
Attendees  at  these  conferences  have  included  representatives  from: 

Government 

Industry 

Universities 

You  will  note  that  this  conference  is  attended  by  representatives  from: 
Government 
Industries 
Universities 

Non  Profit  Research  Institutes 

Attendees  for  the  first  conference  numbered  about  30.  For  the  second, 
about  40,  and  the  third  50.  This  conference  numbers  approximately  60.  The 
point  I  wish  to  make  is  that  through  the  decade  one  can  see  that  those 
people  instrumental  in  pushing  the  forefront  of  this  technology  number  of 
the  order  of  less  than  100  and  they  represent  about  15  organizations.  (If 
one  were  to  counter  that  the  conference  is  by  invitation  only  and  we  only 
invited  60  people,  I  would  hasten  to  add  that  we  carefully  polled  the 
"community"  to  assure  that  those  invited  were  indeed  a  representative 
sample  of  the  H'r'DF  research  population.) 

The  people  in  this  room  thus  represent  this  country's  expertise  in 
HF  radio  propagation  as  applied  to  the  direction  finding  problem. 

This  may  not  be  exceptionally  profound  bit  of  information,  but  my  in¬ 
tent  is  to  lay  a  foundation  for  my  following  remarks. 

I  doubt  that  anyone  here  is  completely  immune  to  the  pressure  of  austerity 
in  his  organization.  We  are  all  confronted  with  the  problem  of  the  threat 
of  reduced  financial  support  in  the  face  of  increasing  expenses  and  growing 


requirements.  Managers  of  defense  sponsored  research  must  relate  the  re¬ 
search  to  a  mission  fulfillment.  We  refer  to  the  work  at  hand  as  mission 
oriented  basic  research  and  now  it  must  be  mission  oriented  to  qualify  for 
Department  of  Defense  sponsorship.  If  we  look  at  the  50  or  so  attendees 
of  this  conference  and  consider  the  work  they  represent,  it  is  likely  that 
the  Department  of  Defense  would  be  found  responsible  for  90%  or  more  of  this 
sponsorship.  This  means  that  when  the  going  gets  rough  and  the  sponsor  has 
to  tighten  his  purse  strings  every  one  of  us  are  going  to  have  to  justify 
and  rejustify  the  necessity  to  continue  the  work  which  has  been  discussed 
at  this  conference.  Now  we  all  know  that  our  work  is  of  the  utmost  importance. 
We  are  always  convinced  of  that,  but  unf ortunitely  there  are  many  people  in 
the  decision  making  heirarchy  who  are  convinced  of  absolutely  nothing.  A 
simple  stroke  of  their  pen  can  mean  disaster  to  our  existance.  It  is,  there¬ 
fore,  extremely  important  that  steps  are  taken  to  assure,  and  reassure  the 
research  sponsors  that  the  work  is  meaningful,  is  essential,  has  an  overtone 
of  mission  utility,  is  progressing  and  can  be  structured  in  a  systematic  way. 

We  may  feel  that  these  aspects  are  being  fulfilled,  but  it  is  becomming  in¬ 
creasingly  necessary  to  assure  that  documentation  formally  supports  what  is 
frequently  only  in  the  minds  of  those  associated  with  a  program. 

I  recognize  that  this  is  not  the  basic  obligation  of  most  attendees  of 
this  conference.  This  is  the  job  of  the  manager  or  the  sponsor  of  the  work 
being  discussed.  I  would,  however,  urge  that  serious  consideration  be  given 
to  these  remarks  in  the  spirit  in  which  they  are  offered.  It  will  take  the 
best  efforts  of  all  of  us  to  enable  us  to  ride  through  the  trough  of  the 
"magnitude  of  support"  cycle.  I  may  be  optimistic  to  call  it  a  cycle.  I 
can  say  with  certainty,  however,  that  Secretary  of  Defense  Melvin  Laird, 
and  Director  of  Defense  Research  and  Development,  Of  ,  Foster,  are 

vigorously  working  to  expose  the  undesirable  efff  ts  of  teduce<d  support  for 
defense  research  in  the  face  of  the  rapidly  growing  strength  mf  our  opposition. 

My  Intent,  therefore,  is  to  foster  an  enhanced  understanding  between  the 
sponsor  and  the  researcher.  I  would  hope  that  this  will  enable  us  to  express 
in  a  logical  way  a  necessity  to  continue  our  work  and  perhaps  chart  a  course 
for  the  future.  We  all  know  that  basic  research,  even  mission  oriented  basic 
research,  thrives  best  and  yields  greatest  return  under  a  program  of  unfet¬ 
tered  endeavor.  We  are  also  well  aware  of  the  necessity  to  carry  a  dialog 
between  the  researcher  and  the  sponsor  just  as  the  necessity  to  interface 
from  researcher  to  researcher.  It  may  be  forever  frustrating  to  have  to 
discuss  the  details  of  our  work  with  some  people  who  don't  understand  all 
of  these  details  or  more  important  who  don't  fully  appreciate  the  potential 
significance  of  the  accomplishments.  It  is,  however,  the  harsh  facts  of  life, 
that  those  programs  which  are  best  documented,  best  organized  and  best  just¬ 
ified  are  the  ones  that  get  approved.  I  guess  the  current  appropriate  buzz 


phrase  is,  "the  relevance  of  the  work  is  an  indication  of  the  likeli¬ 
hood  of  sponsorship  approval." 

It  should  be  noted  that  there  is  a  rather  high  threshold  associated  with 
the  support  of  this  research.  Program  maintenance  costs  are  so  high  that  a 
large  percentage  of  research  support  costs  are  consumed  before  we  can  begin 
to  push  the  forefront  of  technology.  This  is  the  point  I  refer  to  as  a 
threshold.  There  is  also  a  critical  "point"  associated  with  this  threshold. 

If  we  approach  this  critical  point  by  reducing  dollar  support  then  we  must 
begin  to  consider  turning  off  the  effort  and  going  home.  This  critical 
point  may  be  reached  even  though  support  runs  into  six  fugures. 

It  is,  therefore,  essential  that  a  concerted  effort  be  made  to  stress 
the  significance  of  continuity  of  support.  It  is  further  imperative  that 
when  a  research  endeavor  is  being  proposed  for  initiation  or  proposed  for 
continuation  the  long  term  (several  fiscal  years)  aspects  of  the  work  be 
made  as  clear  as  can  be  envisioned  by  the  principal  investigation.  As 
representatives  of  the  research  community  we  know  very  well  of  the  "build¬ 
ing  block"  aspects  of  unfolding  technology.  We  experience  the  step  wise 
progress  ourselves.  Most  of  the  people  in  the  management  chain  who  sponsor 
our  work  are,  however,  far  more  mobile  than  research  people.  We  are  con¬ 
stantly  "re-educating"  the  people  that  determine  our  future.  For  this 
reason  it  is  most  important  that  we  have  a  champion  of  our  cause  who  clearly 
sees  where  we  are,  where  we  are  going,  and  possibly  how  we  are  going  to  get 
there.  Unfortunately,  it  is  not  always  possible  to  have  such  a  champion, 
and  therefore,  we  must  do  our  best  to  serve  in  that  capacity  ourselves. 

I  have  been  thinking  about  just  such  matters  and  having  spent  ove*  ten 
years  as  a  researcher,  before  moving  over  into  the  area  of  managing  re¬ 
searchers,  has  given  me  some  unique  insight  into  the  work  bench  and  slide 
rule  side  of  the  story. 

I  therefore  want  to  pass  along  some  of  the  philosophy  which  I  have  for¬ 
mulated  with  the  hope  that  it  may  be  applicable  to  bolster  your  justification 
for  future  research  support. 

I  recently  visited  the  FCC  offices  in  Washington  to  pursue  the  question 
of  what  U.  S.  organizations  uses  the  HF  band.  You  may  be  interested  to  know 
that  there  are  28  official  categories  of  organizations  who  are  allotted 
segments  of  the  HF  spectrum.  These  28  include  Government,  Industrial, 
Commercial  Maritime,  Civilian  and  Experimental. 

Admittedly  the  allocations  of  frequencies  implies  that  we  are  referring 
to  transmitting  frequencies  when  in  fact  our  area  of  concern  is  more  associated 


with  receiving.  I  must,  however,  use  the  U.  S.  High  Frequency  allocation 
to  develop  my  logic. 

Now  that  we  have  a  pretty  clear  picture  of  who  uses  the  HF  spectrum, 
lets  take  a  look  at  which  of  these  users  are  concerned  with  direction 
finding.  You  may  take  exception  to  my  breakout,  but  I  would  say  the  bulk 
of  these  users  are: 

Government,  Including  the  services,  National  Security,  and  possibly 
Central  Intelligence  Agencies. 

Of  these  users  which  ones  need  precision?  Which  need  accuracy?  Which 
are  concerned  with  long  range  propagation?  Which  people  are  concerned  with 
getting  as  much  information  as  they  can  from  intercepted  electromagentlc 
energy? 

I  don't  think  anyone  in  this  room  would  argue  with  me  that  it  is  the  DOD 
that  needs  this  information.  To  be  sure  there  are  many  ramifications  of  HF 
ionospheric  propagation  research  that  involve  others,  but  by  and  large,  those 
users  are  second  order  users.  They  use  the  principals  of  HFDF  as  a  tool  to 
achieve  another  primary  objective.  For  this  reason  they  cannot  be  expected 
to  involve  in  sponsoring  the  research  to  push  the  state  of  the  art  in  HFDF. 

It  is  therefore  my  thesis  that  those  DOD  sponsors  whose  research  has 
been  discussed  at  this  conference  are  the  organizations  who  have  the  great¬ 
est  need  for  the  results  of  this  research  and  therefore  are  most  responsible 
to  continue  the  financial  support. 

The  facts  should  be  evident  then  that  if  we  are  to  expect  research 
sponsorship  to  continue  we  must  repeatedly  express  the  relationship  of  this 
research  to  the  mission  of  the  sponsor. 

I  have  carefully  considered  the  relationship  of  the  HFDF  propagation 
research  and  the  sponsorship  of  the  Navy.  My  Interpretation  of  this 
relationship  is  illustrated  in  the  accompanying  diagram.  This  is  intended  to 
depict  the  Interplay  of  organizations,  the  subgoals  and  goals  of  the  pro¬ 
gram,  and  the  cyclic  or  feedback  aspect  of  this  structure. 

The  Navy  derives  requirements  from  Documents  of  the  Joint  Chiefs  of 
Staff,  Defense  Intelligence  Agency,  Navy  Operations  Intelligence  Reports, 
National  Requirements,  and  Navy  Fleet  Commanders. 

These  requirements  can  take  the  form  of  "reacting"  to  a  threat  or  of 
"acting"  to  thwart  an  envisioned  threat. 


The  requirements  are  reviewed  for  approval  by  the  R&D  office  for  the 
Chief  of  Naval  Operations.  He  forwards  approved  requirements  to  the  Chief  of 
Naval  Material  who  then  assigns  the  requirement  to  the  appropriate  command 
responsible  for  the  area  of  concern.  This  could  be  Naval  Electronics 
Command,  Naval  Ship  Systems  Command,  Naval  Air  Systems  Command,  etc.. 

The  Command  then  proceeds  to  fulfill  the  requirement  by  issuing  contracts 
or  work  requests  to  the  Navy  Laboratories  or  outside  contractors.  In  the 
case  of  the  ionospheric  propagation  work  some  support  is  channeled  to  the 
Naval  Research  Laboratory  and  some  is  channeled  to  the  University  of  Illinois. 
We  think  of  NRL  as  a  resource  for  operationally  oriented  research  and  of  the 
University  as  a  resource  for  Mission  Oriented  Basic  and  Applied  Research. 

The  Naval  Research  Laboratory  has  access  to  the  Navy  field  sites  through¬ 
out  the  world  and  can  draw  upon  their  operational  data  as  well  as  task  them 
to  perform  specific  research  exercises.  The  NRL  also  has  their  own  field 
research  site  which  is  close  to  NRL  and  fully  equipped  for  research  on  such 
problems. 

The  University  of  Illinois  has  preformed  mission  oriented  basic  and  applied 
research  for  the  Navy  for  over  20  years.  This  work  is  possible  through  the 
flow  of  graduate  students  guided  by  an  excellent  academic,  research  and  admin¬ 
istration  staff  and  through  the  access  to  a  unique  field  facility,  terminal 
equipment  and  automatic  data  processing  capability. 

There  is  a  high  level  of  coupling  between  the  University  of  Illinois 
and  the  Naval  Research  Laboratory  and  research  people  in  both  of  these 
organizations,  also  interact  with  the  people  in  other  academic  Institutions, 
other  U.  S.  Government  organizations,  Foreign  Goverments,  Industry,  and  non¬ 
profit  institutions.  This  interaction  is  accomplished  by  Informal  and  formal 
meetings,  cooperative  synoptic  data  efforts  and  interpersonal  relationships. 

Some  of  the  benefits  of  the  research  efforts  of  the  University  and  the 
Naval  Research  Laboratory  can  be  characterized  by  what  one  may  consider  as 
sub-goals.  These  are  system  improvement,  current  expertise,  improved  tech¬ 
niques,  experience  reserve,  and  new  concepts.  A  further  subgoal  which  must  be 
credited  to  the  University  is  the  preparation  of  future  scientists  sensitive 
to  the  problems  of  radio  location. 

These  subgoals,  however,  lead  to  the  prime  goals  of: 

Mission  fulfillment,  achieve  optimum  use  of  a  multimillion  dollar 
investment,  achieve  and  retain  technological  leadership  to  thwart 
the  free  use  of  HF  and  to  minimize  technological  surprise. 


These  prime  goals  combine  to  provide  the  fleet  with  tactical  and 
strategic  Intelligence  support.  One  must  then  consider  the  essential 
aspect  of  feed-back  which  bridges  the  gap  between  the  fleet  operational 
use  of  the  product  of  this  research  and  Identification  of  the  Navy  re¬ 
quirements. 

I  hope  that  this  brief  picture  of  the  Navy-University  relationship 
and  this  perspective  of  sponsorship  justification  can  provide  an  insight  into 
your  needs  in  research  management. 

Thank  you. 


Thoughts  expressed  in  this  paper  are  those  of  the  author  and  do  not  neces¬ 
sarily  reflect  official  Navy  endorsement. 
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MODE  ANGULAR  WIDTH  MEASUREMENTS 

ABSTRACT 

Estimates  of  propagation  mode  angular  widths  are  given  based 
on  interferometric  visibility  function  measurements.  Baselines  of 
5,  50,  150,  and  300  meters  are  used  oriented  perpendicular  to  the 
plane  of  incidence.  A  sum -and -difference  phasemeter  with  CRT  was 
instrumented  to  read  out  phase  difference  plus  the  antenna  sum-and- 
difference  amplitudes  for  each  baseline.  Sum -and-difference  intensity 
ratios  are  interpreted  by  the  visibility  function  for  mode  angular  width. 
Measured  phase  variation  with  time  provides  a  concurrent  measure 
of  apparent  direction  scintillation.  Angular  widths  measured  at  fre¬ 
quencies  less  than  25  MHz  show  a  variation  from  approximately  3° 
to  ^  1  °  (unresolved  at  20  \  ,  300  m). 

I.  INTRODUCTION 

In  recent  years  the  interferometer  technique  has  been  used  to 
measure  azimuth  and  elevation  direction  finding  for  single  and  multiple 
mode  signals  (1).  However,  HF  interferometry  may  also  be  employed 
to  estimate  source  angular  width  when  the  angle  of  arrival  is  assumed 
or  known. 

Eckersley's  early  interferometer  measurements  with  a  spaced 
loop  interferometer  and  20-meter  spacing  provided  not  only  azimuth 
direction  finding  but  also  angular  width  measurements  for  F,  E,  and 
sporadic  E  observations  (2)  (3).  More  recently,  Whale  (4)  and  Hughes 
and  Morris  (5)  have  derived  source  angular  width  from  coherence  ratio 
measurements  involving  phase  difference  statistics  for  a  single  propa¬ 
gation  mode. 

A  more  direct  approach  to  angular  width  measurement  is  des¬ 
cribed  in  this  paper  based  on  visibility  function  measurement  from  a 
sequence  of  four  successively  longer  baselines  with  the  assumption  of 
a  Gaussian  source  distribution.  A  concurrent  oblique  ionogram  was 
used  in  all  the  measurements  to  provide  independent  verification  of 
single  mode  propagation  conditions  at  the  observing  frequency. 


II.  THEORETICAL  BASIS 


The  source  angular  width  parameter  (p  )  conventionally  repre¬ 
sents  the  apparent  angular  radius  of  the  source  as  seen  by  the  receiver. 
The  quantity  (p)  for  a  uniform  circular  source  distribution  is  related 
to  the  fringe  visibility  (^T)  by  (6) 


I  1 

■W’=  max  -  min 


J  J  (  2 Trp  u) 


*max  +  *min 


where  u 
d 

J1 

4> 


TT  pU 

d/X  cos  <j>  cos 
interferometer  spacing 

1st  order  Bessel  function  of  the  first  kind 
off  boresite  azimuth 
elevation  angle 


*max  an<^  *min  are  t^ie  rnaxi™111*1  and  minimum  intensities  of  the  inter¬ 
ference  fringes  respectively,  obtained  at  the  summed  output  (2)  of  two 
antennas.  Imax  occurs  where  4>  =  0,  i.  e.  ,  the  waves  are  incident  per 
pendicular  to  the  baseline  and  the  signals  are  in  phase,  1^^  occurs 
when  2ttu  =  ir,  i.  e.  ,  the  two  antenna  outputs  are  180°  out  of  phase. 

For  a  fixed  baseline  array  and  constant  angle  of  arrival  (4>  =  0), 

Imax  =  1^’  t^ie  sum  the  two  antennas  and  1^^  =  1^  is  the  difference 
of  the  two  signals.  The  fringe  visibility  becomes 
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For  a  fixed  X,  vp  ,  and  p,  the  visibility  is  only  a  function  of  the 
antenna  spearation,  d,  while  for  the  case  p  =  0  (point  source),  \f =  1 
is  independent  of  d  for  all  antenna  separations.  For  p  /  0,  the  visi¬ 
bility  function  behaves  as  shown  in  Figure  1  for  various  values  of  d/X  . 


Using  the  sum -and-diffe rence  signal  intensity,  the  visibility 
can  be  measured  for  various  antenna  separations.  (In  this  experiment 
four  different  baseline  lengths  were  used).  When  the  visibility  is 
plotted  against  d/X  for  an  estimated  4*.  P  is  determined  at  the  first 
zero  of  Jj(X)  =  3.8  .  .  .  by  fitting  J  j(2np  u)/tt  to  the  measured  data. 
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FIGURE  1.  VISIBILITY  FUNCTION 
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Since  the  above  analysis  is  valid  only  for  a  single  incident 
mode  ah  oblique  ionogran  was  taken  concurrent  with  the  angular  width 
measurement.  Observing  frequencies  were  selected  for  single  mode 
1  hop  or  2  hop  paths.  An  ionogram  obtained  over  a  2000  km  pa-th  is 
shown  in  Figure  2.  The  regions  of  interest  in  this  ionogram  are  the 
IF  region  12-20  MHz  (low  ray)  and  the  2F  region  6-9  MHz  where 
valid  width  measurements  can  be  made. 

*  •.  i 

HI.  INSTRUMENTATION 

Figure  3  shows  the  array  geometry.  The  colinear  5,  50,  100, 
and  300  meter  baselines  were  oriented  perpendicular  to  the  plane  of 
incidence  for  the  propagation  path  of  interest.  The  elements  were 
vertical  monopoles  with  one  element  used  as  reference.  The  quadra¬ 
ture  fed  crossed  loop  was  placed  in  the  array  to  provide  a  method  of 
distinguishing  polarization  from  wave  interference  fades  utilizing  the 
elliptical  loop  antenna  axial  ratio. 

The  system  block  diagram  is  shown  in  Figure  4.  The  five 
vertical  antennas  are  fed  to  multicouplers  where  one  output  from  each 
is  fed  through  a  R-390  receiver  and  the  detected  IF  recorded  on  an 
oscillograph.  The  crossed  loop  is  fed  directly  to  a  R-390  channel 
with  a  similar  detected  and  record  channel.  The  reference  antenna 
and  each  of  the  four  other  antennas  are  fed  in  sequence  to  the  IR-3 
phase  and  gain  matched  triple  channel  receiver.  The  receiver  sum- 
and-difference  outputs  are  displayed  on  a  cathode  ray  oscilloscope 
while  the  sum -and-difference  amplitudes  are  also  detected  and 
recorded.  The  sum -and -difference  CRT  display  indicates  the  phase 
difference  between  the  antenna  pair.  The  phase  balance  control  on 
the  receiver  was  instrumented  with  a  DC  potentiometer  so  that  the 
operator  adjusted  for  in-phase  condition  as  a  measure  of  the  direc¬ 
tion  scintillation. 


IV.  RESULTS 

Figure  5  shows  a  recording  for  a  transmitter  located  in  Green¬ 
ville,  North  Carolina  at  15.41  MHz.  The  ionogram  (transmitter  in 
Burlington,  North  Carolina)  corresponding  to  this  data  was  shown  in 
Figure  2.  At  15.4  MHz  single  mode,  single  hop  propagation  is 
ohserved.  The  increasing  difference  signal  amplitude  with  increasing 
baseline  shows  a  partially  resolved  source.  The  visibility  function 
corresponding  to  the  baseline  sequence  is  shown  in  Figure  6  with  the 
Jj  (?.X)/X  curve  fitted  corresponding  to  0.  86°  radial  width. 


10:45  BURLINGTON 


FIGURE  2.  OBLIQUE  IONOGRAM 


MULTICOUPLERS  AND  ANT.  SWITCHING 


FIGURE  4.  SYSTEM  BLOCK  DIAGRAM 
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Figure  7  summarizes  other  transmission  paths  studied.  The 
majority  of  the  data  reported  herein  was  obtained  on  the  Houston  path. 
The  Biloxi  data  for  the  hours  observed  showed  negligible  direction 
scintillations  and  unresolved  angular  width. 

Figure  8  shows  a  family  of  oblique  ionograms  over  the  Houston 
path  concurrent  with  angular  width  measurement.  Single  mode,  single 
hop  propagation  paths  were-obtained  from  approximately  6  to  12. MHz. 
Figure  9  shows  the  width  record  taken  at  12.  34  MHz  corresponding  to 
Figure  8d.  The  measurement  was  made  near  the  X  mode  critical  fre¬ 
quency  and  shows  a  very  stable  virtually  single  ray  mode  with  no 
azimuth  scintillation  and  unresolved  angular  width. 

Figure  10  shows  8  MHz  data  indicating  a  very  stable  nonscin¬ 
tillating  signal  but  a  partially  resolved  angular  width  of  the  order  of 
2°.  This  large  width  parameter  is  partially  affected  by  lack  of  pre¬ 
cision  in  the  300  meter  baseline  for  the  60°  incident  elevation  angle. 

Figure  8e  shows  an  oblique  ionogram  indicating  single  hop, 
single  mode  propagation  at  6.  25  MHz.  Figure  1  la  shows  the  corres¬ 
ponding  width  data  indicating  an  unresolved  nonscintillating  source. 
Approximately  5  minutes  later  the  character  of  the  fading  changes 
(Figure  lib)  and  angular  width  plus  scintillation  occurs.  The  slow 
fade  is  attributed  to  polarization  fading  by  comparing  the  vertical 
reference  antenna  amplitude  to  the  crossed  loop  antenna.  The  fast 
fading,  which  is  the  same  for. both  crossed  loop  and  referenced  antenna, 
is  attributed  to  an  interference  fading. 

Figures  8a  through  8c  show  a  sequence  of  ionograms  t  'ken 
from  9:35  a.m.  to  10:30  a.m.  with  O  and  X  mode  critical  frequency 
increasing  with  time  At  the  9.  356  MHz  observing  frequency  at  10:04 
a.m.  a  single  X  mode  is  present,  which  changes  to  O  plus  X  mode 
(1  hop  F)  as  time  increases.  X  mode  and  O  mode  critical  frequencies 
are  plotted  vs  time  in  Figure  12. 

Figure  13a  shows  the  width  data  with  only  X  mode  present. 

The  angular  width  for  this  data  is  about  .  5°.  Notice  also  there  are 
no  scintillations.  In  Figure  13b  a  short  time  later,  a  cyclic  oscilla¬ 
tion  in  fading  is  seen  and  a  resolved  angular  width  of  approximately 
1°  is  obtained.  At  this  time  both  O  and  X  modes  were  present  at  the 
observing  frequency. 


FIGURE  8.  OBLIQUE  IONOGRAMS 


IFFERENCE 


FIGURE  9  HOUSTON--!^  340  MHz 


a  rn 

p 

n 

i 

r '*rT7  ’T  "  i 

: 

* 

s  ♦ 

i 

■* 

■ 

[ — ”  ' 

•  ♦  rf—  l- 

l 

iililai 


vJ  r-  rro 


stva 


FIGURE  10.  HOUST  ON  -  -  8 . 000  MHz 


a-  i  -J — 

T 

H 

N- 

: 

U 

•S 

J 

DIFFERENCE  * 


vw  a/xa/x/”  ! 

VSUM  J 


VVKyx/ 


"reference 


siNiwnmSNi 


FIGURE  1 1  a  HOUSTON- -6  2  50  MHz 


16 


PMASf 


DirrctCNCi 


JVwVv 


■ 

8 


A/V 

SUM 

-/V 


vvw 


**^**~*^yd^  VwvU  JV  VWV 

^  u  I  -  ](M)f» 

SV)l^Alilll  -fV.vwv 

WVVW*  -/V 


vvw 


TIME 


FIGURE  lib.  HOUSTON--6.  250  MHz 


HOUSTON 


/mmrmtftttHtvt 


FIGURE  13a.  HOUSTON- -9.  356  MHz 


19 


\ 


MVfW 


MfWWVwv^  /VVVV^^A^ \AAAAr  VV\A^^^ 

.  T *  1  100m 


FIGURE  13b  HOUSTON- -9356  MHz 


UJOOC 


i 


A 


20 


V.  CONCLUSION 

The  angular  width  measurements  described  herein  illustrate 
the  dynamic  character  of  the  mode  structure  for  single  propagation 
mode  conditions.  The  conventional  single  ray  picture  of  the  propaga¬ 
tion  mode,  conventional  in  direction  finding  engineering,  is  appro¬ 
priate  only  for  a  single  magneto-ionic  mode.  These  measurements 
show  that  a  single  propagation  mode  may  be  unresolved  in  angular 
width  (less  than  .  1°)  but  show  angle  of  arrival  scintillation  of  the 
order  of  1/2  to  1-1/2°.  Under  other  conditions  a  single  propagation 
mode  may  give  no  evidence  of  direction  scintillation  but  provide  a 
resolved  angular  width  of  the  order  of  .  7  to  1.  5°.  Finally,  both 
resolved  angular  width  and  direction  scintillation  may  occur  simul¬ 
taneously. 

Local  ionospheric  conditions  will  cause  changes  in  the  angular 
width  characteristics  of  the  modes  on  a  time  scale  of  the  order  of 
minutes.  These  data  show  examples  of  significant  changes  in  angular 
width  and  direction  scintillation  occuring  within  a  5-minute  interval. 

A  systematic  program  of  angular  width  measurement  is  now 
being  planned  at  Southwest  Research  Institute  to  provide  statistically 
valid  width  data  for  a  variety  of  frequency  and  propagation  conditions 
over  the  next  12  months.  It  is  anticipated  that  the  systematic  angular 
width  characteristics  for  two  hop  and  single  hop  modes,  E  and  F  mode 
reflections  will  be  better  defined  at  the  end  of  this  program. 
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ABSTRACT 

The  measurement  of  the  vertical  angle  of  arrival  of  HF 
skywave,  multi-mode  signals  generally  requires  either  highly  complicated 
mathematical  manipulations  or  observing  techniques  which  necessitate 
a  waiting  period  until  the  relative  phases  among  the  modes  either  reach 
a  desired  condition  or  pass  through  a  desired  range  of  variations.  This 
paper  utilizes  an  extension  of  a  very  old  method  (the  Prony  method,  c. 

1795),  for  approximating  sums  of  exponential  functions.  The  technique 
uses  relatively  simple  calculations  based  on  an  instantaneous  (or  nearly 
so)  set  of  samples  from  a  uniformly- spaced,  vertically-disposed  array 
of  antenna  elements.  Unlike  many  other  methods,  the  technique  discussed 
here  does  not  require  time  variations  of  phase,  does  not  require  a  perfectly- 
reflecting  ground  plane,  and  is  valid  for  arbitrary  polarization  of  the 
(similar)  antenna  elements  and  any  general  wave  polarization. 

It  is  noted  that  the  mathematical  basis  for  this  work  may  also 
have  useful  information  to  the  resolution  of  targets  in  the  Doppler  domain. 

Experimental  results  from  some  field  tests  of  the  process  for 
vertical  angle  estimation  are  presented. 
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1.  INTRODUCTION 

The  problem  of  measuring  the  vertical  angle  of  arrival  of 
HF  skywave  signals  is  of  interest  in  a  number  of  research  and  system 
applications.  As  is  well  known,  such  measurements  suffer  from  the 
difficulty  of  providing  an  adequate  antenna  aperture  because  of  the  cost 
of  high  vertical  structures  or  extremely  large  apertures  disposed 
horizontally.  The  difficulties  are  greatly  enhanced  when  the  signal 
format  does  not  permit  mode- separation  in  the  time  domain,  and 
requires  the  resolution  of  multiple  modes  arriving  simultaneously 
with  different  vertical  angles. 

This  paper  presents  a  technique  for  the  computation  of  the 
vertical  angle  of  arrival  in  the  multiple-mode  case,  using  the  sampled 
outputs  of  a  vertically-disposed  array  of  antenna  elements.  The  required 
computations  reduce  to  the  solution  of  a  set  of  linear,  simultaneous, 
algebraic  equations,  and  the  determination  of  the  roots  of  a  polynomial. 

The  computation  is  thus  shorter  and  less  complicated  than  other  methods 
proposed  for  solving  this  problem  [Gething,  1969].  In  addition,  the  method 
proposed  here  is  applicable  to  much  more  general  conditions  of  ground 
constants  and  element  polarization  than  seems  to  be  the  case  for  most 
other  methods.  Further,  this  method  can  be  applied  to  an  instantaneous 
set  of  samples  (or  a  set  obtained  by  rapid  sequencing);  many  other  methods 
involve  waiting  until  time-variations  of  inter-mode  phase  difference  produce 
a  specific  condition  or  sequence  of  conditions. 

Although  this  method  appears  to  be  an  efficient  way  to  take 
advantage  of  the  available  antenna  aperture,  it  does  not  offer  any  "magic" 
way  to  avoid  the  necessity  of  a  tall  vertical  structure. 
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The  technique  uses  a  generalization  of  a  very  old  method  for 
approximating  a  function  which  is  the  sum  of  terms  of  exponential  form. 
The  original  work  is  due  to  deProny  (1795).  A  more  recent  discussion 
is  given  by  Hildebrand  (1956)  and  other  works  on  numerical  techniques. 

As  employed  here,  however,  the  solution  uses  a  level  of  generality  not 
considered  in  any  of  the  references  which  have  thus  far  come  to  the 
author's  attention. 

After  the  author  began  the  study  of  this  technique,  it  was 
brought  to  his  attention  that  the  Prony  method  had  been  considered  by 
Sylvania  (1967)  for  application  to  mode  separation  in  the  azimuthal 
direction  using  a  horizontally-disposed  array.  However,  in  that 
application,  the  method  fails  to  offer  some  of  the  advantages  which  it 
provides  in  the  vertical  case,  and  yields  poor  results  in  the  broadside 
direction.  Thus,  Sylvania  dropped  this  method  from  consideration. 

It  would  be  noted  that,  translated  to  the  vertical  case,  the  broadside 
direction  corresponds  to  an  angle  of  elevation  of  zero  degrees,  in  which 
direction  any  method  of  solution  may  be  expected  to  experience  difficulties. 
For  these  reasons,  it  is  felt  that  many  of  Sylvania's  reasons  for  losing 
interest  in  the  Prony  method  do  not  apply  to  the  vertical  angle  case,  and 
that  it  can  provide  a  valuable  tool  in  vertical-angle  measurement. 
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2.  METHOD  OF  COMPUTATION 

For  the  moment,  let  us  consider  the  simplest  applications 

of  this  technique  to  vertical  angle  measurements  with  multiple  modes, 

and  indicate  the  computations  that  are  required. 

Consider  a  vertically-disposed  array  of  horizontally-polarized 

elements  having  a  uniform  inter-element  separation  d  and  consider  the 

ground  to  be  perfectly  conducting.  The  lower  element  is  located  at  some 

th 

arbitrary  height,  h0 .  The  phase-detected  output  of  the  i1  element  at  a 
particular  sampling  instant  is  designated  f  j ,  where  i  =  0,  1,  2,  m-1, 

for  an  m- element  array. 

For  two  simultaneous  modes,  three  computational  steps  are 
required.  First  the  quantities  and  are  obtained  by  solving  the 
following  pair  of  linear,  simultaneous  algebraic  equations 

(*1  +  f3)  +  Og  *8  =  fe+  f4 

ai  +  +  a8  4 

Second,  two  values  for  the  quantity  cos  are  obtained  as  the  roots  of  the 
quadratic  equation 


cos®  ft 


cos  CL- 


'  4 


=  0 


Finally,  the  vertical  angles  A  corresponding  to  each  of  the  two  values  of 
cos C\ are  obtained  as  follows 


=  sin  1  [ra  n,  ]  ,  i  =  1,  2 
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where  Xis  the  wavelength. 

This  is  the  complete  computing  algorithm  required  for  a  two-mode 
solution,  for  a  single  set  of  recorded  outputs  from  each  of  the  elements  of 
the  array.  As  can  be  seen,  the  array  must  have  six  elements.  However, 
if  the  lower  element  is  taken  to  be  at  ground  level,  its  output  is  known  to 
be  zero  for  horizontal  polarization  and  a  perfect  ground.  In  such  a  case 
only  five  actual  elements  are  necessary. 

The  corresponding  expressions  for  the  three-mode  case  are  the 
solution  for  &lt  (y2,  and  ct3  in  the  simultaneous  equations 

(*i  +  h)  +  a a  (f8+  f4)  +  a 3  f3  =  + 

ax  (fs  +  h)  +  a  s  (f3  +  fs)  +  a3  =  fi  +  f7  (4) 

O'!  (*3  +  *7)  +  O' 2  (f4  +  fg)  +  a  3  fc  =  +  ffl 

and  the  evaluation  of  the  three  roots  of  the  cubic  equation 

cos3  a --f  cos2  Q  cos  =  0  (5) 

The  three  roots  of  cos  ft  lead  to  three  values  of  vertical  angle  A  by 
applying  Equation  (3)  to  the  individual  roots. 

These  relations  indicate  the  basic  simplicity  of  the  method.  The 
following  sections  describe  the  nature  of  the  wave  field  that  is  being  sampled, 
provide  a  derivation  of  the  mathematical  technique,  and  show  the 
generalization  of  the  above  simplified  results. 
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3.  NATURE  OF  THE  WAVE  FIELD  INCIDENT  ON  THE  ARRAY 

Figure  1  shows  a  diagram  of  the  direct  and  reflected  waves, 
corresponding  to  a  single  mode,  arriving  from  an  elevation  angle  A  at  an 
element  at  height  h  above  a  horizontal  ground.  As  indicated,  the  conditions 
are  referenced  to  the  wave  as  it  reaches  the  ground  directly  below  the 
element.  The  complex  nature  of  the  electric-field  vectors  is  denoted  by 
use  of  the  symbol  (~),  and  their  vector  nature  is  shown  by  use  of  the 
arrows.  Waves  polarized  in  the  direction  perpendicular  to  the  vertical 
plane  containing  the  wave  normal  and  the  element  (horizontally  polarized 
waves)  are  denoted  Ex ;  while  the  components  polarized  in  that  plane  are 

/v 

*—♦ 

denoted  E||  (sometimes  called,  loosely,  "vertically  polarized").  Phase 
changes  at  reflection  are  not  depicted,  since  such  changes  are  incorporated 
through  use  of  a  complex  ground-reflection  coefficient. 

Although  the  results  can  be  generalized  to  include  arbitrary 
polarization  of  the  incident  wave  and  antenna  element,  only  horizontally 
and  vertically  polarized  elements  are  treated  here,  and  are  considered  as 
two  separate  situations.  For  convenience,  let  it  be  noted  that  the  incident 
and  reflected  components  of  Ex  must  be  resolved  along  the  vertical  direction. 
With  this  in  mind,  the  cases  of  horizontal  and  "vertical"  polarization  can 
be  treated  identically,  so  that  no  further  distinction  is  made  in  most  of  the 
following. 


The  field  E0  at  the  base  of  the  antenna  can  be  written  as 


ej(u't  +  o) 


(6) 
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The  direct  wave  is  advanced  in  phase  with  respect  to  the 
reference  wave  because  of  the  path  difference  s  =  h  sin  A,  as  illustrated 
in  Figure  2.  Similarly,  the  reflected  wave  is  retarded  by  a  like  amount. 
In  either  case,  the  phase  difference  from  the  reference  wave  is  given 
by  ks  =  kh  sin  A,  where  k  =  2rr/ X  is  the  propagation  constant. 

Noting  that  the  reflected  wave  undergoes  a  change  in  phase  and 
amplitude  by  an  amount  specified  by  K,  where  K  is  the  complex  ground 
reflection  coefficient,  the  net  field  at  height  h  is  given  by  the  component 
(resolved  along  the  vertical  or  horizontal  direction) 


E=  E  [e^a,t  +  k  h  sin  A)  +  £e+j(wt 


+  o  -  k  h  sin 


in  A)' 


or 


(7) 


S  =  E0e^a<t  +  [ej<kh  sin  A)  +  £e-j(k  h  sin 


Although  this  is  not  the  most  general  form  to  which  the  present  solution  is- 
applicable,  it  is  adequate  for  use  with  either  horizontally  polarized  elements 
or  vertically  polarized  elements. 

In  what  follows,  the  time  factor  e^wt  is  removed  (as  it  would  be  by 
heterodyning),  and  the  complex  response  to  the  wave  for  an  element  at 
height  h  is  written  in  the  abbreviated  form, 


r(h)  =  A,  ejkh  sin  A  +  Ase'jkh  sin  A  <8> 

where  the  complex  "constants"  and  A?  involve  the  phase  o  and  the  ground 
reflection  coefficient  K  (and  in  more  general  cases,  the  element  and  wave 
polarization). 

However,  we  note  that  for  horizontal  polarization  and  a  perfect 
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ground,  we  have  K  =  -1,  so  that  Equation  (8)  reduces  to 

f(h)  =  2jE0e^sin  (kh  sin  A)  (9) 

The  real  part  of  f(h)  then  becomes 

Re(f)  =  -2E6  sine  sin  (kh  sin  A)  (10) 

This  is  the  quantity  utilized  in  most  vertical  angle  solutions,  which  apply 
only  for  horizontal  polarization  and  a  perfect  ground.  The  present  method 
is  not  restricted  in  this  fashion,  and  is  valid  for  more  general  modes  as 
expressed  by  Equation  (8). 

In  the  multiple  mode  case,  each  mode  can  be  expressed  in  the 
form  of  Equation  (8),  and  the  net  output  from  the  element  is  the  complex 
sum  of  the  individual  mode  contribution.  The  individual  modes  can  differ 
not  only  in  vertical  angle  A  and  complex  amplitude  A,  but  also  may  differ 
in  propagation  constant  k  (i.  e. ,  in  frequency)  and  in  ground  reflection 
coefficient  K.  For  present  purposes,  differences  other  than  in  A  are 
considered  to  be  included  in  the  respective  quantity  At. 

Before  leaving  the  mode-structure  discussion,  we  note  that  a 
comparison  of  Equations  7  and  8  shows  that  if  the  quantities  A  and  Ax  and 
can  be  determined,  it  i >;■  then  possible  to  calculate  the  ground  reflection 
coefficient  appropriate  to  tho  mode  that  is  of  interest. 
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4.  DERIVATION  OF  SOLUTION 

The  following  derivation  is  generally  similar  to  that  given  by 
Hildebrand  (1956),  but  is  generalized  to  include  the  complex  outputs 
(in-phase  and  quadrature  components)of  the  separate  elements;  Hildebrand's 
derivation  used  only  real  samples  and  real  coefficients. 

For  convenience  of  notation,  the  following  derivation  is  for  the 
two-mode  case.  The  general  solution  is  stated  but  not  derived;  the  general 
derivation  is  readily  developed  by  simple  extension  of  the  results  presented 
here. 

The  complex  output  f  (h)  for  two  modes,  each  of  the  form  of 
Equation  (8)  may  be  written  as 


£(h) 


=  Aiej  kh  Sin  Al+  A2  e-J  kh  A, 


(11) 


+  A,ejkhsinA=  +  A.e-jkhsinA* 


Let  us  write 


h  =  he  +  xd 


(12) 


where  h0  is  the  height  of  the  lowest  element  of  the  array,  and  x  expresses 
the  height  variation  in  units  of  the  inter- element  distance  d.  Then  each  term 
of  Equation  (11)  can  be  written  in  the  form 


^ej  k  h  sin  £ej  k  x  d  sin  A 


(13) 
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where  the  complex  quantity  C  is  independent  of  the  height  of  the  individual 
elements,  but  includes  the  factor  exp  (jkh0  sin  A). 

We  also  define  an  angle  Qt  as 


flt  =kd  sin  A, ,  i  =  1,  2 


(14) 


Then  the  quantity  f(h)  in  Equation  (11)  can  be  expressed  as  a  function  of 
the  height  parameter  x  in  the  form 


r<x)  =  e.e-i^  C,e-->^x+  C3  J°*x  +  C,e-->n*x 


(15) 


We  further  simplify  this  expression  by  writing 


Mi"  etc., 


(16) 


to  obtain 


^(x)  =  C<-1M1X+  C8#i3X+^3M3X+  (17) 

Now  we  note  that  the  elements  correspond  to  integral  values  of 
x  =  0,  1,  2,  .  .  .  ,  N-l,  for  N  elements  so  that  we  have  the  following  set  of 
equations  to  solve, 
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7(0)  *  +es  +C3  +  2.  =7, 

f(l)=C1^t1  +  S2^2+C3fi3  +  ^4  ^4  =  ^1 

7(2)  =  c1u1s+  c2mss+  c3M32  +  C4 U4  ~  7, 


7~n  _  *  N-l ,  ~  N-l  *  N-l  a 
f(N)  —  C1u1  +  Cg  fig  tC 


N-l_  r 
4W4  - 


(18) 


This  set  of  transcendental  equations  may  be  reduced  to  a  set  of 
linear  (complex)  equations  and  one  non-linear  equation  by  introducing  a 
variable  /j  expressed  as  a  non-linear  equation  whose  roots  are  fji l,  jj3, 

and  fi4.  Thus,  we  write 

(4"4i)  (ll-Hs)  (4"44)  “  0  ( 1 9) 


This  may  be  expanded  in  coefficients  alt  <*2,  a3,  o4  as 

4*"  O'!  1?-Ctsl?-Ct3  4 -04  =  0  (20) 

Since  by  Equation  (16)  we  have  4g  =  1/4^  4 4  =  l/ji3  »  Equation  (20)  must 
be  equally  valid  if  we  replace  4  by  1/u.  This  leads  to  the  condition  that 
0r3  =  «i  ant*  «4  =  -1*  so  that  Equation  (20)  reduces  to 

44-  Oi43"  o2  4s- a  1  4  +  1  =  0  (21) 

Introducing  the  values  of  4  from  Equation  (16)  into  Equation  (21),  it  is 
easy  to  show  that  both  0^  and  0*2  are  real  quantities. 

If  we  put  4  =  e^  into  Equation  (21),  factor  out  the  term  e^^'  , 
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and  write  cos  2fiin  terms  of  cos*  fl,  Equation  (21)  reduces  to 

cos3  0  cos  0  -  )  =  0  (23) 

which  was  given  earlier  as  Equation  (2).  The  remaining  step  is  to  derive  the 
simultaneous  equations  to  be  solved  for  and  • 

Multiply  the  first  equation  of  Equation  (18)  by  the  last  term 
(=  1)  in  Equation  (21),  the  second  Equation  (18)  by  the  coefficient  (~&i)  of 
in  Equation  (21),  the  third  by  the  coefficient  {-as)  of  y3  ,  etc.,  and  add  the 
resulting  equations.  The  left  hand  side  then  will  consist  of  four  terms,  each 
of  the  form  of 


Cj  (tij4-  tti  H  i3  ~  o?2  MiS“  OEijUi^l)*  i  =  2,  3,  4 


But,  since  m  is  a  root  of  Equation  (21),  each  of  these  terms  vanishes.  Thus, 
the  sum  of  these  equations  reduces  to 


1.  oA 


Qfi  h 


f,  +  L  =  0 


or,  re-arranging 


ft  +r3)  +  ajs  =  r0  +  r4 


(24) 


Except  for  the  complex  nature  of  the  ft ,  this  is  in  the  form  of  the  first  of 
Equation  (1).  In  the  complex  case,  the  two  equations  necessary  to  solve 
for  c^x  and  a3  may  be  obtained  by  taking  the  real  and  imaginary  parts  of 
Equation  (24)  to  yield 
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Re  ft  +  r3)  +  as  Re  (%)  =  Re  (f0+  ) 

<*i  Im  (?i  +  T3)  +  a 2  Im  (£,)  =  Im  (T0  +  T4) 


(25) 


These  two  equations  would  then  be  used  in  place  of  Equation  (1).  If  the  ft 
are  real,  the  second  equation  of  Equation  (1),  is  obtained  by  the  above  process, 
but  starting  with  the  second  equation  in  Equation  (18). 

The  general  solution  for  m  modes,  using  N  complex  samples, 
may  be  expressed  by  generating  a  set  of  simultaneous  equations  in  q^,  cxs  , 

. . . ,  oB,  in  a  manner  similar  to  that  used  in  the  two-mode  case.  The  first 
complex  equation  of  the  set  is, 

0'i(fi+  +  «a  (£,+  %a-p)  +  •  .  .  +  0 Vl  fo-l  +  ^e+i)  +  otaTa  =  K  +  (26) 


A  second  complex  equation  is  obtained  by  increasing  all  of  the  subscripts 
on  the  f,  by  one,  to  get 


0?1  (? 2  +  ?2b)  ■*"  o -8  (^3  +  ^8b-1  )  +  •  •  •  +  O'  ®-x  <n  ^  Of#  ^b+i  =  ^  ^8n+l  (2^) 

This  process  of  increasing  the  subscripts  is  continued  until  one  obtains  m 
real  equations  to  solve  for  the  m  values  of  &.  Since  each  complex  equation 
yields  two  real  equations,  it  is  necessary  to  obtain  m/2  complex  equations 
if  m  is  an  even  number  and  (m+l)/2  if  m  is  an  odd  number.  It  is  seen  that 
each  successive  complex  equation  requires  the  addition  of  one  more  element 
to  the  set  being  employed.  If  one  supposes  that  the  2m  elements  0  through  2m- 1 
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were  required  before  the  process  was  started,  then  it  is  seen  that  the 
total  number  N  of  elements  must  be  given  by  N  =  5m/2  if  m  is  even  and 
by  N  =  (5m+l)/2  if  m  is  odd.  Table  1  shows  the  number  of  elements 
required  for  various  numbers  of  modes. 

If  the  available  number  of  elements  exceeds  the  required  value 
as  given  in  Table  1,  then  additional  equations  can  be  developed.  This 
redundant  set  of  equations  can  be  reduced  to  the  necessary  m  equations 
by  obtaining  normal  equations  in  the  usual  least- squares  manner.  In 
effect,  this  use  of  redundant  elements  increases  the  antenna  aperture 
and  improves  the  quality  of  solution  that  can  be  obtained  for  a  given 
input  signal-to-noise  ratio. 

When  the  values  of  A  have  been  found  for  each  mode,  the  quantities 
^  can  be  evaluated  and  substituted  into  Equation  (18).  These  equations 
then  are  a  redundant  set  of  linear,  simultaneous  equations  in  the  complex 
coefficients  ..Thus,  these  coefficients  can  be  evaluated  by  solution  of 

four  (complex)  normal  equations  obtained  by  least- squares  reduction  of 
the  redundant  set. 
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Table  1.  Required  Number  of  Elements  for  Various  Numbers 
of  Modes 


N  =  Number  of  Elements 

3 

5 

8 

10 

13 


5k 

5k+3 


m  =  Number  of  Modes 

1 

2 

3 

4 

5 


2k 

2k+l 
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5.  APPLICATION  TO  DOPPLER  RESOLUTION 

Tne  extension  of  the  Prony  method  that  was  employed  in  Section  4 
is  also  applicable  to  other  problems  involving  the  summation  of  nonhar- 
monically-related  sinusoids  sampled  at  equally  spaced  intervals.  One  such 
problem  is  the  determination  of  the  doppler  frequencies  of  multiple  targets, 
either  lor  pulsed  signals,  or  lor  CW  signals  that  are  sampled  periodically. 

In  such  a  case,  an  application  of  the  Prony  method  could  offer  an  alternative 
to  the  more  usual  technique  of  spectrum  analysis.  For  a  modest  number  of 
targets,  the  Prony  method,  using  a  highly  redundant  (or  over  determined) 
set  of  equations,  might  offer  some  attractive  advantages  to  a  system  in  which 
the  processing  is  handled  rather  completely  in  digital  form.  One  such  advantage 
is  that  output  would  be  given  only  for  the  targets  that  are  seen,  and  does  not 
require  thresholding  or  other  means  to  ascertain  the  interesting  Doppler 
frequencies. 
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6.  EXPERIMENTAL  RESULTS  OF  VERTICAL- ANGLE  MEASUREMENT 

The  theory  presented  above  has  been  applied  to  field  data 
obtained  at  the  ONR/ARPA  field  site  at  Whitehouse,  Virginia,  using  CW 
transmissions  originating  at  the  ONR  field  site  at  Lincoln,  Nebraska. 

The  receiving  antenna  at  the  Whitehouse  field  site  is  a 
specially-constructed,  vertical  array.  The  array  consists  of  eight, 
horizontally-polarized,  log-periodic  elements  spaced  at  thirty-foot 
intervals  on  a  260-foot,  vertical  tower.  All  guys  are  non  metallic. 

A  photograph  of  the  antenna  is  shown  in  Figure  3. 

The  array  output  is  measured  by  switching  the  elements 
sequentially  to  the  receiver  input  and  using  quadrature  detection  to 
record  the  in-phase  and  quadrature  components  of  the  receiver  output 
in  digital  form  on  computer-compatible  magnetic  tape.  The  time  and 
the  frequency  to  which  the  receiver  is  tuned  are  also  recorded.  The 
data  to  be  discussed  here  were  taken  at  a  switching  rate  of  100  per 
second,  so  that  the  full  array  was  scanned  in  a  period  of  0.08  seconds. 

*‘s>  ' 

At  the  time  of  interest  (1634  U.T.  on  1 1  December  1970)  the 
Lincoln  site  transmitted  a  CW  signal  at  a  level  of  about  one  kilowatt 
into  a  vertically  polarized  antenna  having  a  gain  of  about  10  dbi.  The 
transmitting  frequency  was  21. 610  MHz. 

Round-trip  oblique  pulse  soundings  between  Whitehouse  and 
Lincoln,  using  a  bandwidth  of  100  KHz  and  an  active  repeater  at  Lincoln, 
showed  the  presence  of  a  mode  with  a  round-trip  time  delay  of  12.  1  ms. 
Since  the  ground  distance  between  Lincoln  and  Whitehouse  is  1725  km, 
a  mirror  reflection  from  the  ionosphere  would  imply  a  vertical  angle  of 
10.9  degrees,  to  produce  the  observed  delay. 
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The  resulting  data  were  processed  in  accordance  with  the 
preceding  theory,  using  a  complex  solution  and  least- squares  reduction 
to  normal  equations.  The  results  of  a  single-mode  solution  were 
erratic,  leading  to  a  trial  of  a  two-mode  solution.  The  angles  obtained 
from  the  two-mode  solution  are  plotted  as  functions  of  time  in  Figure  •!, 
which  encompasses  about  a  12- second  period  (each  individual  reading, 
yielding  two  angles,  corresponds  to  a  single  scan  period  of  0.  08 
seconds).  It  is  seen  that  the  expected  mode  with  a  vertical  angle 
from  10.5  to  1 1  degrees  was  obtained,  but  also  a  mode  at  an  angle  of 
approximately  25  degrres  was  found.  The  fact  that  this  latter  mode, 
identified  as  a  high-ray  component  by  ray-tracing  methods,  did  not 
appear  on  the  oblique  soundings  is  not  surprising,  since  the  oblique 
sounding  records  have  a  somewhat  limited  dynamic  range. 

Since  the  oblique  soundings  were  made  about  twenty  minutes 
after  the  vertical  measurements  were  taken,  the  observed  angles  from 
10.5  to  11.0  degrees  compare  very  favorably  with  the  value  of  10.9 
derived  from  the  oblique  soundings. 

This  early  result  has  been  most  encouraging,  and  strongly 
suggests  that  the  approach  described  here  should  be  a  powerful  tool  in 
the  investigation  of  vertical  angles  of  arrival  of  HF,  skywave  signals. 

The  coherence  of  the  results  for  the  mode  near  a  vertical  angle  of  1 1 
degrees,  especially  in  the  form  of  well-defined  oscillations,  is  particularly 
noteworthy,  since  it  gives  considerable  hope  that  the  technique  may  offer 
a  new  way  for  measuring  fine-scale  ionospheric  effects  having  periods  of 
seconds  or  less. 
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A  technique  has  been  developed  by  which  range 
to  the  location  of  a  transmitter  can  be  estimated  using 
measurements  of  the  incoming  elevation  angles  and  of 
simultaneous  backscatter  delay  versus  elevation  angles 
as  input  data.  The  backscatter  measurements  are  used 
to  determine  the  parameters  of  a  parabolic  layer  model 
of  the  F  region, and  range  estimates  are  made  by  a  solu¬ 
tion  of  the  incoming  mode  angles  with  the  ionospheric 
parameters  for  the  given  time.  These  parameters 
include  the  E  region  whose  characteristics  are  deter¬ 
mined  from  long-term  predictions.  With  the  exception 
of  the  initial  data  scaling  process  the  entire  range 
estimation  procedure  has  been  programmed  for  the 
CDC  3800  digital  computer. 

A  quite  extensive  test  of  the  procedure  has  been 
performed  with  data  gathered  during  the  Institute  for 
Telecommunication  Sciences/University  ot  Illinois 
coordinated  propagation  experiment  of  1966-68.  Ap¬ 
proximately  1700  range  estimates  have  been  made  using 
elevation  angle  measurements  of  incoming  propagation 
modes  from  Meridian,  Mississippi, and  Orlando,  Florida. 
Range  estimates  with  these  data  were  compared  with  the 
actual  known  ranges, and  median  errors  usually  consid- 
erably  less  than  10  percent  were  obtained.  Variations 
and  trial  improvements  of  the  technique  are  discussed. 

1.  INTRODUCTION 

In  the  radio-location  community  the  idea  of  estimating  range 
to  an  unknown  transmitter  by  using  measured  incoming  mode  elevation 
angles  and  a  model  of  the  pertinent  ionosphere  is  not  new. 


However,  some  added  impetus  developed  at  the  Institute  for  Telecom¬ 
munication  Sciences  to  try  the  idea  again  as  a  result  of  the  development 
of  some  new  ideas  for  deriving  a  realistic  model  of  the  ionosphere 
appropriate  to  the  given  region  and  time.  These  ideas  centered  around 
the  use  of  the  backscatter  signal  received  on  a  high  resolution  elevation 
angle  scanning  antenna.  Briefly  stated,  the  technique  consists  of 
fitting  the  parameters  of  a  parabolic  model  ionosphere  to  backscatter 
versus  elevation  angle  data  from  the  appropriate  ionospheric  area,  and 
then,  with  this  ionosphere,  computing  the  ranges  appropriate  to  the 
measured  mode  elevation  angles  associated  with  the  signal  in  question. 
When  one  considers  the  multiple-hop  modes  and  various  combination 
modes,  he  discovers  that  quite  a  number  of  ranges  are  possible.  Thus 
the  other  important  part  of  the  problem  is  to  sort  out  the  most  likely 
mode  combination  to  provide  the  range  estimate.  These  problems 
will  be  discussed  at  considerably  greater  length  in  what  follows. 

2.  MODEL  IONOSPHERE  PARAMETERS 

Figure  1  is  an  example  of  an  elevation- scan  backscatter  record 
showing  elevation  angle  versus  backscatter  delay  time.  The  longer 
delay  returns  are  associated  with  the  lower  elevation  angles.  This 
particular  record  shows  the  single- hop  F- layer  returns.  The  situation 
becomes  much  more  complicated  when  multiple  hop  and  E- layer  returns 
are  included.  Most  of  the  time,  however,  it  is  a  rather  simple  matter 
to  sort  the  various  backscatter  modes  on  such  a  record.  This  sort  of 
record  is  really  an  ionospheric  sounding  which  can  be  transformed  with 
an  appropriate  layer  model  to  a  partial  vertical  sounder  record.  Some 
assumptions  concerning  uniformity  of  the  ionospheric  electron  densities 
in  the  horizontal  plane  are  required  since  this  type  of  sounding  looks  at 
the  ionosphere  at  different  ranges.  However,  relatively  small  variations, 
which  nevertheless  have  a  considerable  effect  for  range  estimation  pur¬ 
poses,  are  allowed. 

The  problem  resolves  itself  into  that  of  fitting  the  parabolic 
layer  parameters  of  semi- thickness ,  height  of  the  layer  bottom,  and 
critical  frequency  to  the  input  backscatter  data.  It  has  also  been  dis¬ 
covered  that  the  longitudinal  component  of  ionospheric  tilt  can  be 
determined  with  the  other  parameters  in  the  fitting  process. 

Figure  2  shows  the  geometry  to  be  used  in  the  parameter 
calculations.  The  virtual  ray  paths  are  illustrated  for  an  ionospheric 
tilt  angle,  6,  takeoff  A-,  and  reception  ^  angles;  slant  range  legs  from 
the  ground  end  points  to  the  ionospheric  virtual  reflection  point  are 
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di  and  da  and  have  corresponding  ground  ranges  of  Di  and  Da.  The 
angles  cpx  and  cpa  are  at  the  ionosphere  between  the  extending  earth 
radius  and  the  slant  range  legs  di  and  d2  at  their  point  of  intersection. 
The  equivalent  angle  cp  for  use  in  the  parabolic  layer  calculations  is 
defined  by  the  equation: 

cp  =  cpx  +  6  =  cp  2  .  6 
Cft2  =  cp  !  +  2  6. 

The  basic  equations, derived  for  oblique  transmission  from  the  parabolic 
layer  vertical  incidence  equations  (Mitra,  1952),  used  in  determining 
the  ionospheric  parameters  are  the  following: 


f  =  layer  critical  frequency, 
f  =  operating  frequency,  and 
ym  =  layer  semi- thickness. 
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Since  a  tilt  implies  a  change  in  the  height  of  the  layer  bottom  with 
range,  the  factor  h  +  f  (Di  -  Dio)  Is  included  to  take  this  into  account. 
The  factor  hQ  is  the  height  at  some  range  Di0,  and  f  (Di  -  D^0 )  gives 
the  functional  dependence  with  range.  The  slope  is  essentially  the  value 
of  6  at  Dx. 

The  curved  ionosphere  factor  k(Wieder,  1955)  is  a  function  of 
range,  assuming  the  nontilt  case,  appropriate  to  the  angle  Cp.  Hence  to 
a  first  approximation 


where  h' 


k(D)  = 


Dx+  h'  6  - 


is  the  virtual  height  of  reflection  above  the  surface  of  the  earth. 


In  a  similar  way  the  basic  equations  for  calculating  ground  range 
for  a  given  tilt  and  standard  parabolic  layer  parameters  are: 
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Xx  and  X8  were  defined  previously  and  Di  +  Ds  =  D,  the  quantity  to 
be  determined,  and  \  ,  hD,  ym,  fc ,  6  and  f  (Di  -  Dio)  are  given. 
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To  provide  some  insight  into  the  way  in  which  some  of  these 
quantities  vary  we  show  figures  3  and  4,  which  illustrate  the  variation 
of  backscatter  delay  and  ground  range  respectively  with  elevation 
angle  as  a  function  of  operating  frequency  to  critical  frequency  ratios 
for  the  parabolic  parameters  shown.  Zero  tilt  is  assumed  in  the 
calculations  for  these  two  figures.  Figures  5  and  6  show  similar 
figures  for  the  cases  of  various  tilt  angles.  It  can  be  seen  that  there 
is  quite  a  dependence  on  the  value  of  tilt. 

The  fitting  of  the  parabolic  parameters  to  the  backscatter  data 
is  done  on  the  3800  CDC  digital  computer  using  least  squares  techniques. 
In  general  one  can  derive  an  ionospheric  model  which  fits  the  data 
points  very  well  when  backscatter  data  is  simulated  using  the  model. 
Ordinarily,  the  backscatter  data  do  not  provide  the  entire  elevation 
angle  versus  delay  curve  including  both  the  data  at  very  low  angles 
or  the  data  for  the  high  angle  response.  The  latter  exclusion  is  caused 
by  rather  rapid  defocusing  of  the  high  ray.  However,  the  high  ray 
information  is  very  important  for  the  precise  determination  of  all  of  the 
parameters.  When  the  high  ray  information  is  missing,  the  fit  to  the 
actual  input  points  is  very  good,  but  there  are  some  tradeoffs  between 
the  parameters  -  particularly  the  semithickness,  critical  frequency, 
and  tilt-  which  can,  in  some  cases,  affect  the  range  estimation 
procedure  for  high  or  low  angles. 

There  are  several  variations  of  the  fitting  procedure  which  can 
be  used.  One  can  begin  with  one  or  two  parameters  fixed  and  thus 
reduce  the  dimensions  of  the  space  in  which  the  fitting  must  take  place. 
Figure  7  shows  an  example  of  three  different  fits  to  the  same  set  of 
input  data  points  indicated  by  the  small  x' s.  Curve  1  was  calculated 
presuming  that  the  tilt  angle  was  zero  and  the  other  three  parameters 
were  allowed  to  vary  with  the  restriction  that  5  ^  ym  -’200  km.  Curve 
2  shows  the  case  in  which  the  semithickness  was  fixed  at  80  km  and 
the  remaining  parameters  allowed  to  vary.  For  curve  3  the  tilt  was 
restricted  to  the  range  ±0.5  degrees  and  ym  was  allowed  to  vary 
between  5  and  200  km.  The  other  parameters  have  no  restrictions. 

It  can  be  seen  that  the  experimental  points  are  fitted  quite  well  in  all 
three  cases.  There  are  some  deviations  at  the  extremes  of  the  curves, 
however.  In  addition,  there  is  some  variety  in  the  listed  parameters 
shown  for  each  case. 

Figure  8  shows  a  similar  set  of  curves  for  ground  range  versus 
elevation  angle  for  the  three  cases.  Here  we  see  that  there  is  consid¬ 
erable  deviation  in  the  ranges  associated  with  the  larger  tilt  angle. 
Experience  has  shown  that  the  fitting  technique  identifies  tilt  angle  quite 
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accurately  for  simulated  cases,  but  that  with  real  data  the  variance  of 
the  calculated  tilt  angles  may  be  larger  than  that  of  the  real  tilts  them¬ 
selves.  Therefore,  tilts  have  to  be  treated  with  considerable  care. 

We  conclude  that  this  sort  of  backscatter  sounding  with  this 
present  interpretation  may  well  be  quite  useful  for  range  calculations, 
but  may  be  in  considerable  error  when  it  comes  to  identifying  the  actual 
critical  frequency  and  semithickness. 


3.  FURTHER  RANGE  ESTIMATION  PROCEDURES 

With  a  given  ionosphere  model  one  can  obtain  a  large  number 
of  ranges  for  the  different  E- layer  and  F- layer  hops  which  can  be 
associated  with  the  several  incoming  mode  angles.  The  problem  is 
to  develop  tests,  procedures,  and  auxiliary  data  which  can  be  used  to 
effectively  choose  the  correct  mode  combination  for  the  most  accurate 
range  determination.  The  two  principal  considerations  are  the  prob¬ 
ability  of  a  given  mode's  existing  and  its  probability  of  being  detected 
with  the  given  observation  system.  In  addition  there  is  the  related 
criterion  of  reasonableness  and  the  requirement  that  for  two  or  more 
modes  the  different  ranges  must  coincide  to  a  degree  which  can  be 
prescribed  by  the  selection  process. 

The  calculation  of  the  probability  of  a  given  mode's  existing 
can  best  be  described  by  illustration.  Thus,  the  probability  of  an 
E-hop  is  determined  by  whether  the  E-layer  critical  frequency  is 
sufficiently  high  to  reflect  the  ray  at  the  given  angle  of  incidence. 

For  Eg  some  of  the  energy  may  pass  through  the  layer  and  some  may 
be  reflected  and  this  situation  affects  the  probability  of  an  F- layer 
mode  existing.  In  addition,  for  the  F-mode  the  F- layer  critical  fre¬ 
quency  must  be  high  enough  to  support  propagation  at  the  given  angle. 
The  last  control  point  for  the  F-hop  is  located  at  the  point  where  the 
ray  passes  through  or  is  reflected  from  the  top  of  the  E- layer.  For 
multihop  modes  there  are  a  large  number  of  control  points  to  be 
calculated.  The  program  as  presently  constituted  uses  the  techniques 
of  long-term  predictions  to  determine  the  probability  of  the  critical 
frequency  of  the  E-layer  exceeding  the  operating  frequency  divided  by 
secant  cp,  the  minimum E- layer  critical  frequency  required  to  support 
propagation.  The  ordinary  E-layer  critical  frequencies  are  first 
calculated  and  if  they  are  sufficiently  high  to  cause  reflection  at  the 
given  angle,  no  further  calculations  for  that  particular  control  point 
are  necessary.  If  no  reflection  from  ordinary  E  takes  place,  the 
coefficients  for  both  blanketing  and  non- blanketing  Eg  are  examined 
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for  probabilities  of  either  complete  or  partial  reflection.  While  it  is 
likely  that  the  probabilities  at  the  different  control  points  for  a  given 
mode  angle  are  not  completely  independent,  we  are  forced  to  assume 
that  they  are,  since  we  have  little  information  as  to  their  relationship. 
Thus  the  total  probability  for  a  given  mode  consists  of  the  product  of 
the  probabilities  at  the  individual  control  points. 

The  question  of  whether  a  given  mode  will  be  detected  by  the 
system  is  principally  determined  by  the  signal  strength  of  the  mode 
and  the  antenna  patterns  of  the  receiver  and  transmitter.  For  the 
range  estimation  program  path  loss  information  is  derived  from  a 
program  similar  to  the  long  term  predictions  program  described  in 
ITS- 78  (Barghausen,  et  al.  1969)  but  tailored  to  the  specific  geometry 
of  a  given  mode. 

Perhaps  the  range  estimation  procedure  can  best  be  illustrated 
by  showing  an  example  of  a  computer  printout  for  a  specific  case. 

Figure  9  shows  a  set  of  calculations  made  for  a  transmission  from  a 
transponder  location  at  Orlando,  Florida,  for  February  14,  1967.  At 
the  top  of  the  page  is  the  date,  universal  time,  location  of  the  trans¬ 
mitter  source  (which  would  not  ordinarily  be  known  in  actual  application), 
the  ionospheric  parameters  derived  from  the  backscatter  data,  and  the 
operating  frequency.  The  received  mode  angles  head  columns  which  list 
calculated  ranges,  mode  probabilities,  and  path  loss  figures  appropriate 
to  the  modes  tabulated  in  the  column  at  the  far  left  of  the  figure.  From 
this  listing  the  correct  combination  of  modes  must  be  chosen  to  obtain 
the  range  estimate.  This  combination  must  include  a  range  from  each  of 
the  mode  angle  columns  but  cannot  include  more  than  one  contribution 
from  each  row.  This  simply  says  that  in  the  final  estimate  average  there 
can  be  only  one  range  for  each  mode  angle  and  only  one  angle  for  each 
mode. 


Figure  10  is  another  computer  printout  which  can  be  used  to 
illustrate  the  remaining  range  estimation  procedure.  By  the  choice 
procedure  which  will  be  described,  the  first  five  range  estimate  rank¬ 
ings  are  printed.  At  the  left  are  the  mode  listings  along  with  the 
probability  and  path  loss  data.  In  succeeding  columns  are  the  mean 
range,  range  standard  deviation,  mode  combination  probability  average, 
field  strength  average  and  maximum  deviation  (between  the  extreme 
values  of  the  individuals  in  the  mode  combination),  a  special  category 
called  weighted  modes  and  the  final  rank  number.  The  column  heading 
labeled  field  strength  average  is  really  a  path  loss  figure  so  smaller 
numbers  correspond  to  stronger  signals.  The  figures  in  the  parentheses 
are  the  rankings  for  the  mode  combinations  considering  only  the  param¬ 
eter  appropriate  to  the  column.  Some  of  the  information  in  the  columns 
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do  not  enter  into  the  ranking  procedure  so  the  parentheses  are  left 
unfilled.  A  column  of  true  deviations  is  included  only  for  the  testing 
procedure  where  the  range  to  the  transmitter  is  known  and  can  be 
compared  with  the  range  estimate  and  used  in  various  tabulations 
of  error  statistics. 

The  final  rankings  are  performed  on  the  basis  of  the  range 
standard  deviation,  the  probability  average,  field  strength  average, 
and  the  weighted  combination  weights.  The  final  rank  is  determined 
by  summing  the  individual  column  rankings  weighted  in  the  above 
order  by  multiplying  by  1 ,  3,  1,  1  respectively  and  ordering  from  low 
numbers  to  high  ones.  In  the  case  of  ties  we  again  look  to  the  individ-* 
ual  column  rankings  in  the  order,  1)  combination  weights,  2) 
probability  average ,  3)  field  strength  average,  and  4)  range  standard 
deviation,  until  the  tie  is  broken. 

The  development  of  the  combination  weights  was  done  using  the 
above  procedure  with  many  different  mode  weight  combinations  and 
determining  which  combination  provided  the  best  answers.  The  rank 
weightings  were  determined  in  much  the  same  way.  With  weightings 
determined  in  this  way,  however,  there  is  a  question  as  to  how  much 
changing  the  location  of  the  transponders  would  have  changed  the  value 
of  the  weightings.  Therefore,  to  be  completely  general  one  should 
probably  leave  out  the  arbitrary  mode  weightings  from  the  selection 
procedure.  However,  the  weighting  values  can  be  developed  and 
tailored  for  particular  areas. 

4.  TESTS  OF  THE  RANGE  ESTIMATION  COMPUTER  PROGRAM 

During  the  coordinated  propagation  experiment  of  1966-1968 
mode  angles  for  transponder  transmissions  from  Meridian,  Mississippi, 
and  Orlando,  Florida, were  measured.  Elevation  angle  versus  delay 
time  backscatter  records  were  also  made.  To  test  the  range  estimation 
program  these  data  were  used  as  input  to  the  program.  At  the  time  of 
the  experiment  only  two  mode  angles  from  each  transponder  location 
were  measured  with  some  effort  to  achieve  precision.  Sometimes 
there  were  more  than  two  mode  angles  present.  To  work  most  effec¬ 
tively  the  range  estimation  program  must  irput  all  of  the  authentic 
mode  angles  received.  To  that  end  we  scaled  the  filmed  reductions 
of  the  backscatter  magnetic  tapes  whose  signal  gains  were  optimized 
for  the  backscatter  rather  than  the  mode  angle  responses.  Neverthe¬ 
less,  we  were  able  to  obtain  at  least  one  reasonable  set  of  mode  angles 
for  each  hour  of  operation.  There  seemed  to  be  little  point  in  scaling 


mode  angles  at  a  greater  frequency  than  once  each  hour  since 
independent  data  points  were  desired  for  the  test.  This  approach 
allowed  between  1700  and  1800  range  estimates  to  be  made  with 
about  half  associated  with  each  transponder  location. 

For  one  run  of  the  data  any  range  between  0  and  4000  km 
was  allowed.  For  the  other  run  it  was  assumed  that  it  was  known 
whether  the  "unknown"  location  fell  in  the  range  0-2000  or  2000- 
4000  km.  The  first  situation  mentioned  has  been  designated  as 
Case  1  and  the  second  as  Case  II.  In  determining  the  ionospheric 
parameters  from  backscatter  no  tilts  were  allowed  and  the  semi¬ 
thickness  was  allowed  values  between  5  and  200  km.  Figures  11- 
14  show  the  statistics  of  the  errors  for  Case  I  for  both  the  Meridian 
and  the  Orlando  data  considering  both  the  first  choice  estimates  and 
the  best  of  the  first  two  choices  in  terms  of  the  least  error  from  the 
known  range.  It  can  be  seen  that  the  Meridian  results  are  in  general 
quite  good  although  the  Orlando  results  are  poor  especially  for  the 
first  choices.  Figures  15-18  show  the  results  in  a  similar  way  for 
the  Case  II.  The  results  are  much  improved,  particularly  for  Orlando. 
This  set  of  results  illustrates  one  of  the  principal  problems  with  the 
range  estimation  program  --  that  it  often  estimates  one-half  or  double 
the  correct  range.  Most  of  the  large  errors  are  estimates  at  one-half 
range.  These  errors  result  from  the  association  of  incorrect  propa¬ 
gation  modes  with  the  observed  mode  angles.  There  is  some  dispersion 
caused  by  errors  in  the  n  easurement  of  the  mode  angles  themselves, 
estimation  of  the  ionospheric  parameters,  and  in  the  failure  of  the  long¬ 
term  prediction  program  to  correctly  predict  characteristics  of  Es  at 
a  given  time. 

The  program  was  also  used  with  an  allowed  tilt  which  was 
determined  from  the  backscatter  data.  The  statistics  were  not  as 
good  as  for  the  non-tilt  case.  Apparently  the  backscatter  delay  versus 
elevation  angle  data  can  be  fitted  very  well  with  the  tilt  allowed.  How¬ 
ever,  the  variance  in  the  calculated  tilt  angles  can  result  in  some 
fairly  large  errors  in  range.  Thus  there  are  smaller  errors  if  no 
tilt  is  allowed.  It  is  possible  with  a  very  careful  scaling  of  the  back¬ 
scatter  data  that  the  tilt  model  would  provide  better  answers. 
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A  number  of  attempts  were  made  to  improve  the  results. 

Among  them  were: 

1)  including  antenna  pattern  effects  in  the  signal  strength  calculation, 

2)  ignoring  the  path  loss  in  the  selection  process, 

3)  limiting  the  number  of  possible  modes  considered,  and 

4)  ignoring  Eg  effects  in  the  selection  process. 

The  latter  approach  improved  some  of  the  statistics  considerably  but 
resulted  in  no  estimate  being  made  in  30  percent  of  the  cases,  which 
is  probably  above  the  tolerable  level.  Various  other  trials  were  made 
but  resulted  in  no  improvement.  Thus  the  initial  approach  appears 
to  have  been  the  best  one. 

A  fairly  detailed  study  of  a  sample  of  the  larger  errors  was 
made  and  compared  with  a  sample  of  small  errors.  The  conclusion 
was  that  about  10-15  percent  of  the  bad  estimates  were  caused  by 
gross  scaling  errors  of  the  mode  angle  data.  Perhaps  5-10  percent 
of  the  bad  estimates  were  caused  by  scaling  errors  of  the  backscatter 
data.  Most  of  the  remaining  large  errors  were  caused  by  improper 
mode  combination  choices.  Many  of  these  bad  choices  can  be  traced 
to  an  improper  assessment  of  the  sporadic  E  behavior  at  a  given  time 
by  the  predictions  program.  In  the  case  of  the  Orlando  results  some  of 
the  improper  choices  could  be  traced  to  the  influence  of  the  path  loss 
computations. 


5.  DISCUSSION  AND  CONCLUSIONS 

It  appears  that  with  the  backscatter  interpretation  given  here 
it  is  better  to  ignore  tilts  and  use  non- tilt  geometry  for  range  estimation 
unless  scaling  of  the  data  can  be  performed  with  greater  precision  than 
used  here.  The  range  estimation  program  as  presently  constituted  will 
do  quite  well  with  very  carefully  taken  and  scaled  data  as  would  be  the 
case  under  circumstances  in  which  range  estimation  was  the  main 
objective.  Very  great  improvement  of  the  error  statistics  could  also 
be  achieved  with  real  time  information  concerning  the  sporadic  E 
conditions.  Some  of  this  information  could  be  derived  from  the  back¬ 
scatter  records.  How  well  the  program  works  will  not  be  known  until 
a  full  scale  test  under  these  conditions  is  performed. 
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Delay,  Ms 


Elevation  Angle 


Figure  1.  Elevation  scan  display  of  backscatter  at  about  15.  5  MHz 
taken  during  a  November  day  in  1966  at  1435  MST. 
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Figure  3.  Curves  of  slant  range  or  backscatter  delay  versus 
elevation  angle  parametric  in  ratios  of  operating 
frequency  to  critical  frequency  for  parabolic  layer 
parameters  indicated. 
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Figure  4.  Curves  of  ground  range  versus  elevation  angle  parametric 
in  ratios  of  operating  frequency  to  critical  frequency  for 
parabolic  layer  parameters  indicated. 
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Slant  Rang® (Km) 


Figure  5.  Slant  range  versus  elevation  angle  (Ax ) 

for  various  ionospheric  tilt  angles  between 
-5  and  +5  for  the  parameters  shown.  H 
is  the  height  at  2000  km  range. 
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Delay (msec) 


Ground  Ronge(Km) 


figure  6  .  Ground  range  versus  elevation  angle  (£1)  for 
various  ionospheric  tilt  angles. 

1  7 


Delay,  Ms 


Figure  7.  Examples  of  elevation  angle  versus  backscatter  delay 

curves  for  three  sets  of  ionospheric  parameters  derived 
from  the  same  set  of  input  points  indicated  by  the  small  x's. 
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Figure  9.  Example  of  computer  print-out  of  basic  computations  for  range  estimation. 
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Figure  10.  Example  of  computer  print  out  of  range  estimate  choice  ranking  procedu 
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MAIN  RUN  ,  NO  RANGE  DISTINCTION  MERIDIAN  RANK  1 


Figure  11.  Absolute  error  distribution  of  first  choice  Case  I  range 
estimates  for  all  Meridian  data. 
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ABSCISSA 


MAIN  RUN  ,  NO  RANGE  DISTINCTION  MERIDIAN  RANK  »  OR  2 


Figure  12.  Absolute  error  distribution  of  the  best  of  the  first  and 
second  choice  Case  I  range  estimates  for  all  Meridian 
data. 
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,  ABSCISSA 


MAIN  RUN  ,  NO  RANGE  DISTINCTION  ORLANDO  RANK  I 


%  ERROR  (ABSOLUTE) 


Figure  13.  Absolute  error  distribution  of  first  choice  Case  I  estimates 
for  all  Orlando  data. 
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7.  ERROR  (ABSOLUTE) 


Figure  14.  Absolute  error  distribution  of  the  best  of  the  first 
and  second  choice  Case  I  range  estimates  for  all 
Orlando  data. 


%  ERROR  (ABSOLUTE) 

Figure  15.  Absolute  error  distribution  of  first  choice  Case  II 
range  estimates  for  all  Meridian  data. 
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7 :  OF  CASES  EXCEEDING  ABSCISSA 


7  ERROR  (ABSOLUTE) 


Figure  16.  Absolute  error  distribution  of  the  best  of  the  first 
and  second  choice  Case  II  range  estimates  for  all 
Meridian  data. 
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7.  OF  CASES  EXCEEDING  ABSCISSA 


%  ERROR  (ABSOLUTE) 

Figure  17.  Absolute  error  distribution  of  first  choice  Case  II 
estimates  for  all  Orlando  data. 
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THE  EFFECTIVENESS  OF  SPECTRUM  AND  AZIMUTH  SPREAD 
MEASUREMENTS  IN  DETECTING  SIDESCATTER 


.  J.  C.  Blair 

U  .  S.  Department  of  Commerce 
Office  of  Telecommunications 
Institute  for  Telecommunication  Sciences 
Boulder,  Colorado  80302 


Radio  DF  measurements  made  from  HF  signals 
of  unknown  origin  can  be  considerably  in  error  due  to 
offpath  reception  from  ground  sidescatter.  Sidescatter 
signals  are  received  with  greater  spectrum  and  azimuth 
spread  than  those  propagated  via  great  circle. 

An  experiment  was  conducted  over  two  paths 
(1300  and  2300  km)  to  determine  the  effectiveness  of 
spectrum  and  azimuth  spread  measurements  in  deter¬ 
mining  if  a  received  signal  is  propagated  via  sidescatter 
or  great  circle. 

The  fading  component  of  the  complex  spectrum 
was  found  to  provide  most  of  the  detection  capability. 

From  fading  spread  measurements,  about  75  percent 
of  sidescatter  could  be  detected  with  an  estimated  95 
percent  probability  of  success  over  the  shorter  path. 

From  azimuth  spread  measurements  (1300  km  path), 
about  85  percent  of  sidescatter  could  be  detected  with 
an  estimated  95  percent  probability  of  success.  The 
spread  measurements  over  the  long  path  proved  to 
be  less  effective  in  sidescatter  detection.  The  overall 
results  of  the  experiment  indicate  that  an  effective 
detection  system  can  be  designed  for  unknown  paths. 

1.  INTRODUCTION 

Sidescatter  is  the  mode  of  propagation  that  includes  two  or  more 
ionospheric  hops  with  an  intermediate  encounter  with  the  ground  at  a 
location  that  is  not  along  the  great- circle  path.  The  existence  of  this 
mode  has  been  known  for  many  years  (Feldman*;  Edwards  and  Jansky^; 
Dieminger^).  Sidescatter  signals  are  usually  received  in  scattered 


attenuated  form  via  deviated  path6,  sometimes  with  widely  fluctuating 
azimuths  of  arrival.  Off- path  signals  can,  of  course,  be  caused  by 
other  effects  such  as  ionospheric  irregularities  (Whale^)  and  scatter¬ 
ing  from  sporadic  E  and  spread  F  (Hayden^).  However,  in  the  author's 
opinion,  most  multihop  transmissions  propagating  via  paths  not  on  the 
great  circle  appear  to  be  due  to  sidescatter. 

Radio  DF  measurements  made  from  HF  signals  of  unknown 
.  origin  can  be  considerably  in  errbr  due  to  off- path  reception  from 
ground  sidescatter.  The  purpose  of  the  experiment  reported  in  this' 
paper  was  to  determine  the  effectiveness  of  spectrum  and  azimuth 
spread  measurements  in  determining  if  unknown  signals  are  side¬ 
scatter  or  great  circle  propagated. 

2.  EXPERIMENTAL  ARRANGEMENT  ' 

Transmissions  were  received  at  Boulder,  Colorado.  During 
the  first  part  of  the  experiment,  300-Us  and  6- ms  pulse  signals  were 
received  from  Long  Branch,  Illinois  (1300  km  path  length).  During 
the  last  part,  300-|is  and  6-ms  pulsed  transmissions  were  received 
from  Washington ,  D.  C.  (2350  km  path).  For  convenience  the  1300 
km  path  will  be  referred  to  as  the  short  path  and  the  2350  km  one  will 
be  called  the  long  path.  Dates  and  times  when  data  were  taken  are  given 
in  table  1  for  the  short  path  and  in  table  2  for  the  long  one. 

About  40  kW  of  power  was  radiated  at  both  transmitting  locations. 
Azimuthal  spread  was  measured  from  records  obtained  from  the  ITS 
high  resolution  scan  array  with  a  beam  width  of  about  2°.  The  way  in 
which  the  scan  sector  of  this  array  (about  60°  wide  at  1  7  MHz)  is 
illuminated  by  the  two  transmitters  is  shown  in  figure  1.  The  Havana 
antenna  is  directed  at  215°  E  of  N  and  the  Washington  antenna  has  a 
bearing  of  190°.  The  two  transmissions  illuminate  the  scan  sector  at 
different  areas  for  sidescatter,  but  the  beams  are  wide  enough  to  allow 
great-circle  propagation.  Sidescatter  signals  were  separated  from 
those  propagated  via  the  great  circle  on  the  basis  of  time-of-arrival 
differences.  The  300-|is  pulses  were  transmitted  10  minutes  out  of 
each  hour  and  were  used  only  for  operators  to  keep  track  of  closely 
spaced  modes.  All  azimuth  and  spectrum  spread  measurements  were 
made  from  the  6-ms  pulses  which  were  transmitted  50  minutes  of  each 
hour.  A  new  set  of  azimuth  and  spectrum  records  was  made  every 
10  minutes. 

Fading  and  Doppler  spread  measurements  were  made  from 
sidescatter  received  on  both  2°  and  70°  beam  width  antennas.  Great 
circle  spectrum  measurements  were  made  from  signals  received  on 
70°  beam  width  antennas  only. 
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Table  1.  Schedule  of  data  rune  for  the  Long  Branch- Boulder  path. 


Date 

Time ,  UT 

Type  of  Data 

Feb.  27,  1969 

2005  to  2115 

Spectrum  and  azimuth 

April  3 

1622  to  2300 

Spectrum  and  azimuth 

April  5 

0000  to  0220 

Spectrum  and  azimuth 

April  5 

0225  to  0615 

Spectrum  and  azimuth 

April  8 

0825  to  1215 

Spectrum  and  azimuth 

April  8 

1224  to  1445 

Spectrum  and  azimuth 

June  3 

0820  to  1020 

Spectrum  and  azimuth 

,  * 

1026  to  1220 

Spectrum  and  azimuth 

1225  to  1235 

Spectrum  and  azimuth 

June  4 

1400  to  1620 

Spectrum  and  azimuth 

1620  to  2200 

Spectrum  and  azimuth 

June  5 

2230  to  0000 

Spectrum  and  azimuth 

June  6 

0000  to  0600 

Spectrum  and  azimuth 

0320  to  0330 

Spectrum  and  azimuth 

July  7 

1440  to  183  5 

Spectrum  and  azimuth 

*  • 

1840  to  2200 

Spectrum  and  azimuth 

July  8 

1430  to  1700 

Spectrum  and  azimuth 

1710  to  1845 

Spectrum  and  azimuth 

1850  to  2000 

Spectrum  and  azimuth 

2000  to  2200 

Spectrum  and  azimuth 

July  9 

1430  to  2035 

Spectrum  and  azimuth 

2040  to  2200 

Spectrum  and  azimuth 

July  15 

0644  to  0822 

Azimuth  only 

0824  to  1400 

Azimuth  only 

July  16 

1436  to  1917 

Azimuth  only 

1920  to  2200 

Azimuth  only 

July  17 

2200  to  2315 

A  zimuth  only 

2320  to  0000 

A  zimuth  only 

July  18 

0000  to  0530 

Azimuth  only 

Aug.  12 

0625  to  1110 

Spectrum  and  azimuth 

1120  to  1400 

Spectrum  and  azimuth 

Aug.  13 

1350  to  2200 

Spectrum  and  azimuth 

Aug.  15 

0039  to  0310 

Spectrum  and  azimuth 

Aug.  15 

0320  to  0510 

Spectrum  and  azimuth 

Aug.  26 

0630  to  0950 

Spectrum  and  azimuth 

1005  to  1400 

Spectrum  and  azimuth 

Aug.  27 

1415  to  1610 

Spectrum  and  azimuth 

1630  to  2200 

Spectrum  and  azimuth 

Aug.  28 

2220  to  0000 

Spectrum  and  azimuth 

Agu.  29 

0315  to  0545 

Spectrum  and  azimuth 

Table  1.  Schedule  of  data  runs  for  the  Long  Branch- Boulder 


path  (cont. ) 


Date 

Time,  UT 

Oct.  7 

0705  to  1300 
1305  to  1350 

Oct.  8 

1420  to  2200 

Oct.  9 

2240  to  0000 

Oct.  10 

0000  to  0251 

Oct.  21 

0545  to  0620 
0623  to  1120 
1121  to  1218 

Oct.  22 

1440  to  2140 

Oct.  23 

2210  to  0000 

Oct.  24 

0000  to  0222 
0222  to  0317 
0317  to  0440 

Table  2. 

Schedule  of  data  runs  fo 

Date 

Time,  UT 

June  16,  1970 

2217  to  0000 

June  17 

0000  to  0522 

0522  to  0727 
0727  to  1315 
1315  to  1330 

1330  to  2137 
2137  to  0000 

June  18 

0000  to  0401 

0401  to  0710 
0710  to  1730 
0730  to  1231 

August  25 

1228  to  1330 
1330  to  1515 
1515  to  1740 
1740  to  0000 

August  26 

0000  to  0037 
0037  to  0137 
0137  to  0318 
•  0318  to  0605 
0605  to  1212 

Type  of  Data 

Azimuth  only 
Azimuth  only 
Azimuth  only 
Azimuth  only 
Azimuth  only 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 


the  W  ashington- Boulder  path 

Type  of  Data 

Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  only 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
Spectrum  and  azimuth 
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Azimuth  records  were  made  from  side  scatter  signals  sampled 
at  four  ranges  (times  of  arrival)  and  the  range  with  greatest  azimuth 
spread  was  selected  for  the  detection  data.  A  running  average  technique 
was  used  that  required  a  range  to  have  more  average  azimuth  spread 
for  one  hour  before  it  was  selected  over  the  one  previously  chosen. 

This  procedure  prevented  the  inclusion  of  data  influenced  by  ionospheric 
changes. 

All  fading,  Doppler  and  azimuth  records  were  carefully  edited 
to  eliminate  those  made  during  weak  signal,  high  noise  or  interference 
conditions.  Doppler  and  fading  spectrums  were  obtained  by  taking 
Fourier  transforms  of  receiver  coherent  and  envelope  detector  outputs 
respectively.  Doppler  spread  was  not  measured  on  the  Boulder- 
Washington  path  because  it  proved  to  be  less  effective  than  fading  spread 
on  the  Long  Branch-  Boulder  path. 

3.  EXAMPLES  OF  RECORDS 

Fading  and  Doppler  waveforms,  from  receiver  envelope  and 
coherent  detectors,  were  transformed  into  amplitude  spectrums  and 
normalized  with  a  maximum  value  of  unity.  A  2-Hz  offset  was  used  to 
obtain  a  two-sided  Doppler  spectrum.  Figure  2  shows  examples  of 
both  types  of  spectrums  for  great  circle  and  sidescatter.  Examples  of 
azimuth  records  (also  with  a  maximum  of  unity)  are  presented  in  the 
form  of  the  amplitude  vs  azimuth  profiles  of  figure  3.  These  are  shown 
for  both  paths  and  for  great  circle  and  sidescatter.  At  the  frequency 
at  which  these  records  were  made  (about  16  MHz),  the  azimuth  sector 
is  scanned  from  84  to  144°. 

4.  MEASUREMENT  PARAMETERS 

Spectrum  and  azimuth  spread  were  defined  in  several  ways  to 
determine  which  was  the  most  effective  in  sidescatter  detection.  Each 
definition  was  denoted  by  a  parameter  name.  The  two  most  effective 
parameters  for  spectrum  spread  are  defined  as  follows: 

(a)  If  a  line  is  drawn  parallel  to  the  horizontal  axis  of  the 
spectrum  plot  ( s  ee  fig.  2)  at  the  0.3  amplitude  level, 
some  parts  of  the  spectrum  will  extend  above  certain 
segments  of  this  line.  The  sum  of  these  horizontal 
segment  lengths  in  Hz  is  defined  as  e3. 

(b)  The  parameter  0X  is  defined  as  the  width  of  a  rectangle 
having  the  same  area  and  height  as  the  spectrum  above 
the  0.  1  amplitude  level. 
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The  two  most  effective  parameters  for  azimuth  measurement 
are  defined  as  follows: 

(a)  If  a  line  is  drawn  parallel  to  the  horizontal  axis  of  the 
azimuth  record  (see  fig.  3)  at  the  0.3  amplitude  level, 
some  parts  of  the  record  will  extend  above  certain  seg¬ 
ments  of  this  line.  The  sum  of  these  horizontal  segment 
lengths  in  degrees  is  defined  as  aa. 

(b)  The  parameter  y  is  defined  as  the  width  of  a  rectangle 
having  the  same  area  and  height  as  the  azimuth  profile 
above  the  0.3  level. 

Measurements  below  the  0.  3  level  were  not  made  from  azimuth  records 
because  antenna  sidelobes  which  were  normally  about  15  dB  down  from 
the  main  lobe  amplitude  could  cause  spurious  results  when  reinforced 
by  interference  from  two  or  more  modes. 

5.  COMPARISON  OF  SPECTRUM  SPREAD  FOR 
LONG  AND  SHORT  PATHS 

Figure  4  shows  cumulative  distributions  of  fading  spread  9i 
for  sidescatter  and  great  circle  for  the  long  and  short  paths.  Doppler 
spread  is  not  shown  because  it  was  not  measured  over  the  long  path. 
Great  circle  fading  spread  on  the  long  path  (curve  2)  was  about  twice 
that  measured  on  the  short  path  (curve  1).  The  long-path  sidescatter 
measured  on  the  2°  beam  width  antenna  (curve  5)  has  a  value  of  Sj.  at 
the  median  level  about  50  percent  greater  than  that  shown  by  curve  3 
for  the  short  path.  Comparison  of  curves  4  and  6  shows  that  the  fading 
spread  is  somewhat  greater  on  the  long  path  when  sidescatter  is  re¬ 
ceived  on  wide  beam  antennas.  All  great  circle  signals  were  received 
on  70°  beam  widths  during  the  experiment. 

6.  COMPARISON  OF  AZIMUTH  SPREAD  DATA 
FROM  LONG  AND  SHORT  PATHS 

Figure  5  shows  cumulative  distributions  of  azimuth  spread  of 
sidescatter  and  great  circle  for  the  long  and  short  paths.  Great  circle 
azimuth  spread  for  both  paths  is  about  one  fourth  that  for  sidescatter 
at  the  median  level.  Great  circle  and  sidescatter  azimuth  spread  for 
the  long  path  appear  to  be  slightly  less  than  for  the  short  path.  This 
result  is  statistically  doubtful  because  only  62  samples  of  great  circle 
and  5b  samples  of  sidescatter  had  noise  levels  low  enough  to  be  accepted 
by  the  editing  proces  s.  Moreover,  all  of  these  azimuth  data  for  the 
long  path  were  taken  in  one  24-hour  period. 


6 


7.  EFFECTIVENESS  OF  FADING  AND  AZIMUTH  SPREAD 
MEASUREMENTS  IN  SIDESCATTER  DETECTION 

7.  1  EFFECTIVENESS  FOR  KNOWN  PATH  LENGTHS 

Figure  6  shows  the  distribution  of  all  data  samples  as  a  function 
of  fading  bandwidth  and  estimated  great  circle  probability.  The  upper 
numbers  on  each  graph  give  the  percent  of  all  great  circle  signals 
received  with  spread  corresponding  to  each  0.  05  Hz  segment  of  fading 
spectrum  bandwidth;  the  lower  numbers  give  the  percent  of  all  side- 
scatter  in  each  spread  range.  Great  circle  dcta  taken  at  times  when 
the  operating  frequency  was  above  the  MUF  were  omitted  from  the 
plots  because  these  are  forward  scatter  from  the  ionosphere. 

The  assumption  is  made  that  only  two  kinds  of  signals  will 
be  received;  these  are  great  circLe  and  sidescatter.  The  left-hand 
s  cale  on  the  graphs  gives  the  probability  an  unknown  signal  is  great 
circle;  the  right-hand  scale  gives  the  probability  it  is  sidescatter. 

As  an  example,  of  how  the  graphs  are  obtained,  figure  6  (a)  shows 
probability  a  signal  is  great  circle  or  sidescatter  for  different  values 
of  fading  spread  measured  by  the  parameter  0i.  The  estimated  great 
circle  probability  corresponding  to  a  given  range  of  spread  is  computed 
as  the  percentage  of  all  signals  received  in  this  spread  range  that  are 
great  circle.  For  example,  in  figure  6  (a),  the  estimated  probability 
a  signal  is  great  circle  when  is  between  0.15  and  0.20  Hz  is 

20. 3  x  100  =  95.3% 

20.3+  1.0 

and  the  estimated  probability  a  signal  with  this  spread  is  sidescatter  is 

1-95.3  =  4.7% 

The  estimated  probability  should  be  read  from  the  dashed  curve,  which 
is  smoothed  to  average  out  irregularities  due  to  the  limited  number  of 
data  samples.  If  the  value  of  0j.  (figure  6(a))  of  a  received  signal  is 
between  0  and  0.2,  the  probability  the  signal  is  great  circle  is  95  per¬ 
cent  or  more  and  the  probability  of  sidescatter  is  5  percent  or  less. 
Adding  the  top  numbers  on  the  graph  out  to  0.2  Hz  gives 

3.2  +  22.3  +  19.  8  +  20.3  =  65.6%  . 

This  means  that  about  66  percent  of  all  great  circle  signals  received 
over  this  path  would  be  expected  to  have  fading  spread  values  between 
0  and  0.2  Hz  and  that  signals  in  this  spread  range  have  a  5  percent 
or  less  probability  of  being  sidescatter.  The  plots  in  figure  7  for 
azimuth  spread  are  similar  to  those  for  fading  in  figure  6. 


At  this  point,  it  will  simplify  the  presentation  of  data  if  the 
expressions  "detection  probability"  and  "detection  effectiveness"  are 
defined.  If  one  is  using  a  sidescatter  detection  technique  to  increase 
the  accuracy  of  direction  finding,  he  is  really  interested  in  deter¬ 
mining  if  his  signals  have  a  high  probability  of  being  great  circle 
propagated.  It  is  therefore  useful  to  define  the  detection  probability 
associated  with  a  range  of  spread  as  the  probability  that  signals  with 
such  parameter  values  are  great  circle. 

Knowing  spread  ranges  with  high  detection  probability  is  not 
enough,  however.  If  one  knew,  for  example,  that  signals  with  a  fading 
bandwidth  of  0  to  0.001  Hz  were  always  great  circle,  the  information 
would  be  of  little  value  if  only  one  great  circle  signal  in  ten  thousand 
had  spread  in  this  range.  Detection  effectiveness  corresponding  to  a 
given  range  of  spread  and  given  detection  probability  is  defined  as  the 
percent  of  all  great  circle  signals  received  that  would  be  expected 
to  have  such  a  range  of  parameter  values.  The  detection  effectiveness 
is  determined  from  graphs  like  those  in  figures  6  and  7  by  adding  the 
top  numbers  over  the  range  in  question  as  was  done  for  figure  6  (a). 
Here  we  obtained  a  detection  effectiveness  of  65.6  percent  for  the  spread 
range  of  0  to  0.2  Hz.  Over  this  spread  range  the  detection  probability 
is  95  percent  or  better. 

Plots  of  the  type  shown  in  figures  6  and  7  are  useful  for  smooth¬ 
ing  the  data  and  obtaining  detection  probability  and  effectiveness  values 
for  summary  tables.  A  tabulation  of  effectiveness  values  for  the  long 
and  short  paths  for  spectrum  bandwidths  corresponding  to  95  percent 
detection  probability  is  given  in  table  3.  Parameter  e3  and  are 
tabulated  along  with  receiving  antenna  beam  widths  for  sidescatter. 

The  highest  effectiveness  value  for  the  short  path  is  76.0  for  e3.  The 
highest  effectiveness  for  the  long  path  is  68.  5  for  e3  on  the  narrow 
antenna.  It  is  interesting  that  the  wide  antenna  beam  was  more  effective 
than  the  2°  one  on  the  short  path  and  less  effective  oh  the  long  path. 
Detection  effectiveness  was  generally  better  on  the  short  path. 

The  azimi  th  spread  data  in  table  4  shows  the  highest  value 
of  effectiveness,  85.  3  percent  for  the  short  path,  but  the  value  of  79 
percent  for  cv3  for  the  long  path  is  almost  as  good.  However,  the 
long- path  data  in  table  4  is  based  on  a  small  amount  of  data  (62  samples 
of  great  circle  and  56  samples  of  sidescatter)  and  confidence  in  the 
results  given  is  not  high. 
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Table  S.  Detection  effectiveness  of  spectrum  spread 
measurements  for  95%  or  better  probability 
of  successful  detection. 


Parameter 


Type  of 
spectrum 


Antenna 
beam  width 
for 

sidescatter 


Spectrum  band,  Hz, 
for  95%  detection 
probability 


1300  km 
PATH 


23  50  km 
PATH 


Percent 

[Effectiveness 


1300  km 
PATH 


2350  km 
PATH 


e3 

e3 

e3 

0! 

e, 


fading 
fading 
Doppler 
Doppler 
fading 
fading 
j  Doppler 
Doppler 


70 


70 


70 


70 


0.05-0.  15 
0-0. 15 
0.05-0.  10 
0-0.  10 
0-0. 10 
0-0. 10 
0-0.10 
0-0.  10 


0  -0.3 
0  -  0.  15 


0- 0.20 

0  15 


60.6 
76.  0 
19.8 
20.8 
72.2 
72.2 
37.6 
37.6 


68.  5 
23.  8 


65.6 
45.  5 


Table  4.  Detection  effectiveness  of  azimuth  spread 

measurements  for  95%  or  better  probability 
of  successful  detection. 


Parameter 

Azimuth  spread,  degrees,  for 

95%  detection  probability 

Percent  Effectiveness 

1300  km  Path 

2350  km  Path 

1  300  km  Path 

2350  km  Path 

i 

03 

o 

1 

00 

o 

2  -  12° 

78.  5 

79.0 

Y 

J _ 

o 

t 

o 

0-2° 

85.  3 

48.4 
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7.2  EFFECTIVENESS  OF  SIMULTANEOUS 
MEASUREMENTS  FOR  KNOWN  PATHS 


A  statistical  analysis  similar  to  the  one  just  described  but 
for  azimuth  and  fading  spread  considered  jointly  was  done  to  deter¬ 
mine  the  effectiveness  of  simultaneous  measurement  of  the  azimuth 
and  fading  spread.  The  analysis  was  done  only  for  the  short  path 
because  of  the  small  amount  of  azimuth  data  on  the  long  one.  Results 
showed  97  percent  effectiveness  with  a  95  percent  or  better  detection 
probability  when  cv3  for  azimuth  spread  was  paired  with  e3  for  fading 
spread.  These  values  were  obtained  using  the  wide  beam  antenna  for 
fading  spread. 

7.  3  DETECTION  EFFECTIVENESS  ESTIMATES 
FOR  PATH  OF  UNKNOWN  LENGTH 

From  plots  of  the  type  shown  in  figures  6  and  7,  one  can 
estimate  worst-case  effectiveness  values  for  a  path  of  unknown  length, 
but  not  less  than  1300  and  not  greater  than  2350  km.  This  is  done  for 
95  percent  detection  probability  by  finding  spread  ranges  corresponding 
to  this  probability  that  overlap  for  the  long  and  short  paths.  The  effec¬ 
tiveness  values  are  taken  from  the  path  with  the  lowest  sum  in  this 
overlapping  spread  range.  For  example,  figure  7  (a)  shows  an  effec¬ 
tiveness  of  48.4  for  azimuth  spread,  Y  ,  for  0  to  2°  and  a  95  percent 
detection  probability.  Figure  7  (b)  (dashed  line)  shows  a  detection 
probability  of  95  percent  or  better  for  values  of  Y  between  0  and  4. 0 
degrees.  The  range  of  spread  for  95  percent  or  better  detection  proba¬ 
bility  for  the  unknown  path  would  be  0  to  2  degrees  and  the  detection 
effectiveness  corresponding  to  this  would  be  29.8.  Estimated  effective¬ 
ness  values  for  azimuth  and  fading  spread  for  an  unknown  path  are  given 
in  table  5.  The  highest  value  is  71  percent  for  a3,  the  other  values  are 
between  20  and  30  percent. 


8.0  CONCLUSIONS 

The  unknown  path  estimates  given  here  based  on  the  fading 
spread  measurements  should  be  reliable  for  midlatitude  paths  of 
lengths  1300  to  2350  km  if  seasonal  effects,  sporadic  E  and  disturbed 
conditions  do  not  change  the  picture  too  much.  Azimuth  spread  meas  - 
urements  listed  for  the  short  path  should  be  equally  reliable.  Not 
enough  azimuth  data  were  taken  over  the  long  path  for  the  effectiveness 
values  of  the  azimuth  spread  estimates  of  the  unknown  path  to  be 
conclusive . 

It  is  concluded,  however,  on  the  basis  of  all  data  taken  that  an 
effective  sidescatter  detection  system  that  measures  either  fading  or 
azimuth  spread  or  both  can  be  designed.  More  measurements  need 
to  be  made  on  different  path  lengths  to  estimate  the  expected  perform¬ 
ance  of  such  a  sys  tern. 
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Table  5.  Fading  and  Azimuth  Spread  effectiveness  estimated 
for  a  path  of  unknown  length. 
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Figure  5.  Cumulative  distributions  of  azimuth  spread  for  sidescatter 
and  great  circle  for  long  (Washington- Boulde r)  and  short 
Long  Branch- Boulde r)  paths. 


!>•'■■  1 


i 


Probobility  Signal  is  Great  Circle  Probability  Signal  is  Great  Circle 

(Percent)  (Percent) 


Fading  Spread,  0,,  Hz 

(a)  Great  circle  was  received  on  o  70*  Beomwidth  antenna;  sidescatter  was  received 
on  a  2“beamwith  antenna. 


-  0 
-20 
-40 
-60 
-80 
-100 


Fading  Spread, 0,  ,  Hz 


(b)  Great  circle  and  sidescatter  were  received  on  70a  beomwidth  antenna. 


Figure  6.  Distribution  of  data  samples  as  a  function  of  fading 

bandwidth  and  estimated  great  circle  probability.  The 
estimated  probability  is  shown  as  a  dashed  curve. 
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Figure  7.  Distribution  of  data  samples  as  a  function  of  azimuth 
spread  and  estimated  great  circle  probability.  The 
estimated  probability  is  shown  as  a  dashed  curve. 
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I.  INTRODUCTION 

* 

The  purpose  of  this  paper  is  to  describe  measurements  of  the 
limits  of  both  frequency  separation  and  physical  separation  within  which 
two  transmitted  HF  signals  exhibit  similar  received  fade  rate  characteris¬ 
tics.  The  results  of  these  measurements  provide  insight  into  ionospheric 
coherent  communications  bandwidths  and  into  the  ground  area  within  which 
a  coherent  wavefront  can  be  received  after  ionospheric  propagation.  The 
size  of  the  coherent  ground  area  has  application  in  the  design  of  wide  base¬ 
line  antenna  arrays. 

The  experiment  employed  two  mobile  transmitters  operating  with¬ 
in  several  radio  frequency  bands  between  4  and  23  MHz.  N-S  and  E-W 
+■ 

paths  varying  from  1000-  to  5000-km  were  employed.  At  each  transmitting 
location  the  two  mobile  transmitters  were  increasingly  separated  in  range 
and  subsequently  in  azimuth,  with  respect  to  the  receiver  site,  until  ap¬ 
preciable  differences  in  the  received  signal  strength  fade  rate  character¬ 
istics  were  observed.  Similar  tests  were  performed  by  separating  the 
transmitted  radio  frequencies.  An  additional  experiment  was  performed 
with  one  transmitter  operating  at  twice  the  range  of  the  other  transmitter 

*This  work  is  supported  by  Rome  Air  Development  Center  under 
Contract  F30602 -7  0-C -02  37  . 
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to  determine  if  signals  arriving  at  a  receiver  site  at  similar  azimuthal 
angles  of  arrival  could  be  separately  identified  on  the  basis  of  fade  rate 
characteristics. 

This  present  paper  is  a  report  of  work  in  progress;  the  results  de 
scribed  here  are  preliminary.  Section  II  describes  radio  wave  fading 
phenomena,  Section  III  deals  with  experimental  arrangements,  and  the  re 
suits  are  described  in  Section  IV. 
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II.  RADIO  WAVE  FADING 


A.  GENERAL 

This  section  describes  amplitude  variations  of  received  skywave 
signals.  Previous  work  is  reviewed  dealing  with  the  decorrelation  of  sig¬ 
nal  strength  variations  received  from  transmitters  which  were  separated 
in  either  space  or  frequency.  A  description  is  presented  of  the  fundamen¬ 
tal  manner  in  which  the  present  experiments  differ  from  previous  work. 

Amplitude  variations  of  skywave  HF  radio  signals  are  produced 
by  several  different  ionospheric  phenomena.  These  phenomena  include 
interference  fading,  both  intramode  and  intermode,  polarization  fading 
due  to  the  variation  of  the  received  polarization  of  radio  wave  signals  as 
a  function  of  both  time  and  radio  frequency,  variations  in  ionospheric  ab¬ 
sorption,  focusing  of  radio  wave  energy,  and  amplitude  variations  due  to 
radio  wave  skipping,  which  are  produced  for  a  specific  path  when  the 
radio  frequency  of  transmission  passes  through  the  LOF  or  MOF. 

The  period  of  observed  amplitude  variations  varies  widely.  Inter¬ 
ference  fading  between  modes,  e.  g.  ,  between  one-hop  and  two-hop  rays, 
can  produce  fading  that  varies  from  a  fraction  of  a  second  to  a  few  seconds. 
Amplitude  variations  due  to  polarization  can  vary  from  approximately  fif¬ 
teen  seconds  to  five  minutes.  Absorption  fading  can  produce  amplitude 
variations  on  the  order  of  an  hour,  and  amplitude  fluctuations  due  to  MOF 
or  LOF  failure  can  vary  from  a  few  seconds  to  hundredths  of  seconds.  In 
addition  to  the  aforementioned  types  of  amplitude  variations,  there  is  the 
normal  very  small  scale  amplitude  variations  produced  by  radio  wave 
noise  and  small-scale  changes  in  the  ionospheric  path. 

For  a  review  of  general  aspects  of  radio  wave  fading  see  K.  Davies 
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book, "Ionospheric  Radio  Propagation  .  "  Davies  describes  each  of  the 
types  of  signal  amplitude  variations  that  may  occur  and  illustrates  these 
variations  with  signal  strength  and  spectra  records. 
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B. 


PREVIOUS  WORK 


1.  Space  Decorrelation.  Pulsed  high  frequency  transmissions 
short  enough  in  duration  (100  (is  or  less)  to  separate  the  different  geomet¬ 
ric  modes  have  fade  rate  periods  of  approximately  15  seconds  to  three 
minutes.  This  fading  can  be  either  due  to  destructive  interference  be¬ 
tween  the  two  magnetoionically  propagated  components  (a  polarization 

effect),  or  the  fades  can  be  due  to  a  random  scattering  process  as  de- 

2 

scribed  by  Balser  and  Smith,  who  found  spatial  correlation  distances  of 
about  40  wavelengths  in  the  direction  perpendicular  to  the  raypath  for  sin¬ 
gle  mode  propagation.  The  Balser  and  Smith  experiment,  however,  did 
not  reveal  the  true  signal  decorrelation  over  a  wide  area,  as  discussed 
below. 

CW  signals  for  which  the  received  signal  voltage  is  the  sum 
of  voltages  propagated  by  several  modes  usually  fade  with  a  period  on  the 
order  of  one  or  two  seconds.  The  amplitude  of  fading  CW  signals  gener¬ 
ally  follows  a  Rayleigh  probability  distribution  except  at  special  times, 

such  as  when  the  upper  and  lower  rays  are  interfering  near  the  MOF. 

3 

Grisdale,  Morris  and  Palmer  in  1957  discussed  this  effect  and  also  re¬ 
ported  that  the  spatial  correlation  of  signal  strength  falls  significantly 
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at  a  distance  of  about  200  or  300  meters.  Bixby  in  1953  gave  a  theoreti¬ 
cal  derivation  for  the  fading  at  and  near  the  MOF  based  on  a  nontilted 
ionosphere  with  a  smooth  parabolic  electron  density  distribution. 

5 

Ames,  in  1964,  employed  an  L-shaped  antenna  array  to  de¬ 
termine  and  measure  the  various  types  of  fading  interference  patterns 
produced  along  the  ground  by  waves  propagated  over  an  ionospheric  path. 
He  employed  12  dipole  antennas  arranged  in  an  L,  300  m  on  a  side.  The 
outputs  of  the  antennas  were  sequentially  connected  to  a  receiver  whose 
output  was  recorded  as  intensity  on  moving  film.  An  analysis  of  the  re¬ 
corded  receiver  output  yielded  the  dimensions,  orientation  and  motion  of 
the  signal  fading  patterns.  Like  most  of  the  previous  workers  in  the  field, 
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Ames  was  primarily  interested  in  the  amount  of  amplitude  decorrelation 
that  occurred  along  the  ground,  so  that  it  could  be  applied  to  the  problem 
of  correct  siting  of  space  diversity  antennas.  He  found  that  the  destruc¬ 
tive  interference  between  modes  produces  bands  of  amplitude  fadelines 
along  the  ground  which  move  rapidly.  He  found  that  the  straight  line  fad¬ 
ing  null  patterns  are  measurable  33%  of  the  time  on  signals  propagated 
over  a  2000  km  path,  and  about  10%  of  the  time  on  signals  propagated  over 
a  5000  km  path.  The  mean  value  of  the  null  spacings  are: 

IF  mode  1 . 4  kilometers 

2F  mode  0.75  kilometers 

3F  mode  0.4  kilometers 

The  mean  velocity  of  the  nulls  along  the  ground  varies  from  about  0.7  km/ 
sec  during  layer  formation  and  decay,  to  about  0.  3  km/sec  during  midday. 

The  Ames  results  show  that  much  of  the  observed  amplitude 
fluctuations  of  received  radio  signals  can  be  interpreted  as  a  sampling  of 
the  amplitude  variations  induced  by  the  moving  lines  of  interference  nulls 
along  the  ground.  What  Ames  did  not  show  is  how  far  along  the  ground 
one  needs  to  go  before  the  rate  of  amplitude  fluctuations  induced  by  the 
moving  diffraction  pattern  of  fading  null  lines  is  decorrelated.  In  the 
light  of  Ames'  work,  all  previous  fading  decorrelation  measurements 
only  measured  decorrelation  from  the  peak  to  the  first  trough  of  one  strip 
of  the  signal  interference  pattern,  and  did  not  determine  the  full  wide 
area  decorrelation  as  performed  in  the  present  experiments. 

2.  Frequency  Decorrelation.  An  experiment  was  performed  by 
Epstein^  in  1966  which  corresponds  to  the  situation  of  transmitting  two 
signals  of  differing  frequencies  in  order  to  observe  the  amplitude  decor¬ 
relation  between  them  In  the  Epstein  experiment,  an  FM-CW  transmit¬ 
ter  was  employed  to  simulate  the  effect  of  two  transmitters,  one  of  which 
has  a  varying  frequency.  For  a  2000  km  path,  Epstein  found  that  the 
amplitude  versus  frequency  characteristic  across  a  500  kHz  band  decor- 
related  to  1/e  in  approximately  70  kHz. 
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In  addition,  as  part  of  Epstein's  experiments,  oblique  iono- 
grams  were  regularly  made  with  an  FM-CW  sounder  over  a  1200  km  and 
a  2000  km  path.  It  was  found  on  all  ionograms  made  over  these  paths, 
that  while  the  one-hop  mode  was  typically  spread  to  less  than  50  micro¬ 
seconds  in  time  delay,  the  two-hop  mode  was  spread  several  times  larger. 
This  indicates  that  for  the  paths  tested  the  amplitude  fluctuations  on  two- 
hop  modes  have  a  much  higher  rate  of  amplitude  variations  with  time  than 
the  one -hop  signal. 

C.  DECORRELATION  OF  SIGNALS 

It  is  expected  that  in  comparing  the  amplitude  versus  time  records, 
or  frequency  spectra  records,  of  two  different  received  signals  that,  as 
the  sources  of  transmissions  are  moved  in  space  or  shifted  in  radio  fre¬ 
quency  with  respect  to  each  other,  the  fading  rate  of  the  two  signals  will 
slowly  change.  At  a  sufficiently  large  spatial  or  frequency  separation,  the 
fading  of  the  two  signals  will  be  unrelated. 

The  primary  reason  for  the  decorrelation  of  the  amplitude  varia¬ 
tions  observed  on  two  radio  signals  is  that  the  specific  paths  over  which 
the  two  radio  waves  travel  change  both  as  a  function  of  the  spatial  separa¬ 
tion  of  the  two  transmitted  signals,  and  as  a  function  of  the  radio  frequency 
difference  between  the  two  signals.  In  general,  for  small  changes  in  the 
radio  frequency  and  for  small  changes  in  the  spatial  separation  of  the 
transmitting  sites,  the  general  characteristics  of  the  modes  of  propaga¬ 
tion  will  not  be  fundamentally  different.  If  one  source  is  being  received 
simultaneously  over  a  one-hop  and  two-hop  path,  then  the  other  radio 
wave  signal  will  be  received  over  a  very  similar  one -hop  and  two -hop 
path.  Under  these  conditions,  all  that  will  happen  will  be  perhaps  a  time 
shift  between  the  patterns  of  the  two  received  amplitude  fluctuations.  As 
the  frequency  and  spatial  separations  are  further  increased,  the  differences 
in  these  amplitude  fluctuations  will  also  increase  until,  when  the  two  radio 
wave  paths  pass  through  sufficiently  different  ionospheric  regions,  the 
amplitude  variations  of  the  received  signals  will  no  longer  be  similar. 
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The  difference  between  two  received  multipath  signals  are  primar¬ 
ily  due  to  differences  in  the  multipath  interference  pattern.  Therefore, 
signal  comparisons  between  single  hop  modes  will  show  far  slower  changes 
in  their  cross-correlation  as  spatial  and  frequency  differences  are  in¬ 
creased  than  that  observed  between  two  multihop  modes  because  the  rate 
of  polarization  variations  doesn't  depend  on  the  interference  between 
several  widely  separated  modes,  but  between  the  two  closely  separated 
magnetoionic  components  . 
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III.  EXPERIMENTAL  ARRANGEMENTS 

Mobile  transceivers  mounted  in  two  automobiles  transmitted  75 
watts  CW  power  from  vertical,  loaded,  bumper- mounted  whip  antennas. 
Transmissions  were  made  from  the  vicinity  of  Tallahassee,  Florida 
(21  January  to  3  February  1971),  Normal,  Illinois  (6-19  February  and 
5  April  1971),  Grand  Island,  Nebraska  (24  February  -  4  March  and 
1  April  1971),  and  Williams,  California  (17-23  March  1971).  The  site 
locations  are  shown  in  Figure  1. 

The  signals  were  received  employing  a  vertical  35-ft  telescoping 
whip  antenna  with  ground  screen  located  on  the  roof  of  a  70- ft  building  in 
Washington,  D.C.  The  path  lengths  from  Washington,  D.C.  to  Florida 
and  from  Washington,  D.C.  to  Illinois  are  1250  km.  The  path  from 
Washington,  D.C.  to  Nebraska  is  2300  km,  and  the  path  from  Washington, 
D.C.  to  California  is  5000  km.  Transceivers  at  all  sites  provided  voice 
communications.  The  purpose  of  the  widely  separated  site  locations  was 
to  obtain  fade  rate  data  over  a  variety  of  paths  and  azimuthal  orientations. 
For  the  E-W  paths  transmissions  were  repeated  after  a  month's  time  to 
determine  data  reproducibility. 

One  automobile  was  designated  the  "fixed1'  site  and  the  other  the 
"mobile"  site.  At  each  transmitting  location,  the  mobile  site  drove  to 
increasingly  large  distances  from  the  fixed  site  so  as  to  provide  several 
spacings  between  the  two  remote  sites  in  both  range  and  in  azimuth  with 
respect  to  the  receiving  site.  The  spacings  we -e  increased  until  the  re¬ 
ceived  signal  amplitude  variations  decorrelated  in  terms  of  a  fade  rate 
count.  In  addition,  as  part  of  the  experiment,  when  the  vehicles  were  . 
collocated,  one  transmitter  maintained  a  fixed-frequency  CW  transmis¬ 
sion,  while  the  other  transmitter  stepped  to  increasingly  large  frequency 
separations  until  fade  rate  decorrelation  was  achieved.  This  situation  is 
illustrated  in  Figure  2, which  illustrates  typical  comparative  signal  strength 
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Figure  1.  Site  Locations 


FREQUENCY 

SEPARATION 


7  kHz 


248  kHz 


494  kHz 


Figure  2. 


I 


changes  obtained  with  increasing  radio  frequency  spacing.  The  tic  marks 
on  the  charts  occur  once  a  second.  A  duty  cycle  of  15  sec  "ON"  and 
30  sec  "OFF"  was  employed  to  protect  final  amplifier  tubes. 
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IV.  RESULTS 


In  this  section  several  of  the  types  of  data  collected  are  described 
and  preliminary  conclusions  are  presented.  Figure  2  illustrates  a  typi¬ 
cal  dual  channel  strip  chart  recording  of  the  detected  signal  strengths  of 
two  received  skywave  signals.  In  Figure  2a  the  received  signal  strength 
variations  of  both  traces  correspond  to  a  fade  rate  of  approximately  5 
fades  per  15  secs.  Note  that  the  two  received  signals  exhibit  relative 
time  shifts  between  the  received  amplitude  fading  patterns  .  For  the 
248  MHz  frequency  separation  shown  in  Figure  2b,  the  shapes  of  the 
individual  amplitude  variation  patterns  have  changed,  but  the  fade  rate 
count  is  nearly  the  same.  For  the  494  kHz  frequency  separation  shown 
in  Figure  2c  ,  the  fading  pattern  is  changed  appreciably  in  structure  and 
in  fade  rate  count. 

Employing  the  empirical  criteria  of  requiring  a  change  in  the 
amplitude  fading  pattern  shape  and  also  a  fade  rate  difference  of  at  least 
2  fades  per  15  sec  period,  the  data  was  analyzed  over  all  the  paths  and 
over  the  9,  15  and  23  MHz  frequency  bands.  The  results  are  presented 
in  Chart  I.  These  results  indicate  that  the  size  of  the  area  within  which 
the  signals  will  be  received  with  similar  fade  rates  increases  with  in¬ 
creasing  range  from  the  receiver  and  decreases  with  increasing  frequency. 

During  the  experiment  several  features  of  received  signal  charac¬ 
teristics  were  noted.  Figure  3  illustrates  a  case  when  fade  rate  com¬ 
parisons  cannot  be  made  because  both  signals  are  propagating  over  one- 
hop  paths.  Little  amplitude  fading  is  evident.  One -hop  propagation  such 
as  shown  in  Figure  3  can  last  several  hours  under  certain  conditions. 
During  these  tests,  however,  the  typical  duration  of  one-hop  propagation 
was  about  one  half  hour.  At  the  end  of  this  period,  the  received  signal 
strength  vs  time  structure  changes  rapidly  to  multimode  propagation  as 
illustrated  in  Figure  4. 
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Figure  3.  One-Hop  Propagation 


Figure  4.  Change  from  One-Hop  to  Multimode  Propagation 


A  test  was  performed  in  which  one  transmitter  was  located  at  a 
distance  of  2500  km  from  Washington,  D.C.  ,  while  the  other  transmitter 
was  located  at  a  distance  of  1250  km,  in  order  to  determine  if  it  would 
be  possible  to  readily  identify  the  two  signals.  The  receiving  azimuth 
angle  of  arrival  for  the  two  signals  were  nearly  the  same,  but  as  shown 
in  Figure  5,  the  two  signals  are  readily  separable  on  the  basis  of  their 
received  signal  strength  fade  rate  differences. 
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Figure  5.  The  Double-Range  Experiment 
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STUDIES  OF  TRAVELLING  IONOSPHERIC  DISTURBANCES 
WITH  A  TRIPLE  RADIO  INTERFEROMETER  SYSTEM 

Eric  K.  Walton 

Radiolocation  Research  Laboratory 
University  of  Illinois 
Urbanaf  Illinois  61801 

In  1967  and  1968,  an  experiment  was  performed  by  Dr.  John  E.  Jones 
of  ESSA's  research  labs  in  Boulder*  in  which  travelling  ionospheric  dis¬ 
turbances  could  be  detected.  The  experimental  technique  employed  three 
radio  transmitters  in  a  triangular  configuration  as  shown  in  Figure. 1. 

The  three  reflection  points  form  the  vertices  of  anequilateral  triangle 
of  40  km  on  s  side,  Doppler  measurements  were  made  on  the  received 
signals,  and  correlation  techniques  were  used  to  detect  ionospheric  peri¬ 
odicities  and  wave-like  movements.  The  results,  in  terms  of  medium  scale 
disturbances,  are  shown  in  Figure  2.  In  general,  the  wuves  detected  by 
Jones  had  periods  ranging  from  15  to  70  minutes  and  a  velocity  of  approxi¬ 
mately  150  m/s  in  magnitude.  The  direction  varied  as  shown  in  Figure  2 
and  also  contained  a  downward  component  of  15  to  70  degrees  below  the 
horizontal.  In  general  there  is  good  agreement  with  the  acoustic  gravity 
theory  of  C.  0.  Hines.  The  most  interesting  finding  in  the  data  in  rela¬ 
tion  to  this  study  is  the  seasonal  variation  of  the  data.  The  wave-like 
effects  move  southward  in  the  winter  and  northward  in  the  summer,  with  a 
westward  movement  in  the  spring  and  fall.  It  is  this  seasonal  effect 
which  we  will  try  to  study  here. 

The  first  question  to  be  answered  is:  "What  effects  can  one  see  in 
a  radio  direction  finding  experiment  due  to  waves  of  this  type?"  In 
order  to  answer  this  question,  a  corrugation  model  was  proposed  for  the 
ionospheric  waves.  This  model,  described  in  Figure  3,  is  a  sinusoidal 
wave-like  reflection  surface  moving  transversely  through  the  ionosphere. 
Note  that  to  allow  the  wave  to  move  at  any  angle  with  respect  to  the 
transmitter-receiver  path,  the  variable  of  interest  is  the  variation  of 
the  reflection  point  rather  than  the  incidence  angle  or  the  azimuthal 
angle  of  arrival  of  the  signal.  The  result  of  applying  this  model  to  a 
particular  geometry  and  finding  the  variation  of  the  reflection  point  as 
a  function  of  time,  as  well  as  the  variation  of  the  received  signal  ampli¬ 
tude,  is  shown  in  Figure  4.  It  is  assumed  that  the  wave  is  travelling 
at  a  constant,  velocity  here,  and  to  remove  the  necessity  of  assigning  a 
particular  velocity  to  the  wave,  the  phase  of  the  wave  at  the  point  over 
the  receiver  is  used  as  the  independent  variable.  The  variations  in  the 
amplitude  are  assumed  to  be  due  entirely  to  focusing  and  defocusing 
effects  as  the  curvature  at  the  reflection  point  varies.  Of  particular 
interest  in  this  curve^is  the  sawtooth-like  shape  of  the  reflection  point 
curve  and  the  sharp  peak  in  the  amplitude  as  the  reflection  point  passes 
through  its  point  of  maximum  slope.  This  is  a  property  of  nearly  all 
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geometries  studied  in  this  project.  The  technique  suggested  by  this  prop¬ 
erty,  then,  is  to  search  direction  of  arrival  data  for  deviations  which 
have  this  shape  or  "signature"  and  are  periodic  in  time. 

An  experiment  in  which  this  may  be  done  was  performed  by  the  Radio¬ 
location  Research  Lab  during  1962  through  1964.  The  geometry  of  this 
experiment  is  shown  in  Figure  5.  Pulsed  signals  were  transmitted  from 
Columbus,  Ohio,  to  an  interferometer  site  near  Champaign,  Illinois.  This 
is  a  distance  of  450  km  along  an  east-west  path.  There  was  a  midpath 
ionosonde  in  Anderson,  Illinois.  The  midpath  ionosonde  data  were  used 
for  path  reconstruction  and  for  mode  resolution.  The  reduced  data  from 
this  experiment  consisted  of  azimuthal  and  incidence  angle  of  arrival  of 
the  signal  as  a  function  of  time.  Ionospheric  waves  would  be  expected  to 
perturb  these  data  as  shown  in  Figure  6.  Note  that  a  northward  and  a 
southward  moving  wave  produce  distinctly  different  deviation  patterns. 

The  technique  of  studying  these  data,  then,  was  to  search  the  data  tor 
signatures  of  the  type  shown  in  Figure  6,  identify  them  as  to  northward 
or  southward-type  patterns,  and  then  to  find  the  period,  number  of  per¬ 
iods,  the  azimuthal  deviation,  and  the  ionospheric  layer  from  which  each 
signal,  was  reflected.  Several  examples  of  the  data  are  shown  in  Figure 
7,  8,  9,  10.  The  result  of  this  study  is  summarized  below: 

93  days  of  data  throughout  the  2  years  were  studied. 

56  wave-like  patterns  were  observed. 

44  of  the  patterns  had  15-to  25-minute  periods. 

29  examples  had  more  than  one  period. 

46  examples  had  enough  clarity  to  determine  all  desire J  parameters. 

These  data  were  analyzed  in  such  a  way  as  to  compare  them  with  the 
Jones  data.  The  Jones  data  are  given  in  terms  of  velocity  vector  (speed 
and  direction)  vs.  time  of  year.  The  data  from  the  Columbus  experiment, 
on  the  other  hand,  are  given  in  terms  of  azimuthal  deviation  and  north¬ 
ward  or  southward  type  vs.  time  of  year. 

It  is  possible  to  compare  these  data,  however,  if  some  assumptions 
are  made  and  typical  values  from  the  Jones  experiment  are  used.  Assume 
F-layer  data  in  the  Jones  experiment  to  apply  at  a  height  of  250  kilo¬ 
meters.  Assume  typical  Jones  ionospheric  wave  values  to  be  the  following: 

amplitude  2.9  km 

wavelength  204  km 

speed  150  m/s 

Jones'  speed  is  nearly  constant  fonly  th*  direction  varies). 

Using  these  values  from  the  Jones  experiment,  the  Columbus  experiment 
data  can  be  predicted.  The  above  plus  Pht  seasonal  variation  of  the  direc¬ 
tion  of  arrival  were  used  to  calculate  the  cpr  parieon  data  shown  in  Figure 

11.  As  can  be  seen,  there  is  a  great  '*al  0f  tcorralatlon  between  the 
results  of  these  two  experiments.  The  seasonal  efiicc  is  quite  clear  in 
both  curves. 
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Several  conclusions  might  be  drawn  from  these  data.  First,  it  is 
clear  from  these  data  that  the  effective  tilt  described  by  Bramley  and 
Boss  is  not  a  random  parameter  as  has  been  proposed.  Also,  the  useful¬ 
ness  of  the  sinusoidal  model  developed  here  is  clearly  justified  by  the 
success  of  this  study.  Finally,  the  seasonal  effect  in  these  data  may 
point  the  way  for  discovery  of  one  of  the  geophysical  mechanisms  for  the 
generation  of  waves  of  this  type. 
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'igure  1 

ines  Spaced  Transmitter  Experiment 


Figure  2 

Seasonal  Variation  of  T.I.D.  Velocity 
(After  John  E.  Jones,  ESSA  Technical  Report  ERL  142-SDL  11.) 


Figure  3 

Corrugation  Model  for  Ionospheric  Waves 
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Figure  5 

Geometry  of  Columbus  Experiment 
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Figure  6 

Pertinent  to  Explanation  of  Seasonal  Lateral  Deviations  in  the  Azimuthal  Angle 
of  Arrival  over  an  East  to  West  Ionospheric  Propagation  Path 
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TIME  UT 

Figure  9 


Example  of  Columbus  Data  for  June  25.  1963 
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Figure  10 

Example  of  Columbus  Data  for  December  9,  1963 
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THREE  TRANSMITTER  EXPERIMENTS  IN  RADIOLOCATION  RESEARCH 


A.  D.  Bailey  and  E.  K.  Walton 
Radiolocation  Research  Laboratory 
Department  of  Electrical  Engineering 
University  of  Illinois 
Urbana,  Illinois  61801 


The  strong  implication  made  in  the  previous  paper  is  to  the  effect 
that  there  are  traveling-wave-like  disturbances  in  the  ionosphere  which 
appreciably  perturb  the  angle  of  arrival  of  short  range  high  angle  sig¬ 
nals  but  which  are  also  predictable  in  a  quantitative  way.  If  certain 
parameters  which  characterize  these  effects  are  measured  in  real  time  at 
a  few  points  in  the  neighborhood  of  interest,  extrapolations  can  then  be 
made  to  other  points  in  the  region.  These  extrapolations  may  be  moved 
forward  and  backward  in  time  for  intervals  of  10  to  20  minutes  and  over 
spatial  regions  having  diameters  of  100  to  200  kilometers.  These  conclu¬ 
sions  are  based  upon  the  experimental  findings  in  our  own  researches  as 
well  as  others' ,  such  as  Munro  in  Australia  and  Davies  and  Jones  at  ESSA. 

Our  immediate  problem  is  to  measure  effectively  the  velocity  vector 
of  the  traveling-wave-like  disturbance  and  its  amplitude  distribution  as 
a  function  of  time  and  lateral  extent.  Given  this, we  can  solve  another 
problem. 

There  are  several  methods  for  measuring  tilts  and  drifts  in  the 
ionosphere  that  have  been  used  by  various  investigators  in  different 
parts  of  the  world.  These  were  summarized  in  the  IGY  Annals  for  the 
Geophysical  Year,  Part  III  (1957).  Listed  below  are  several  of  these 
methods  which  have  been  found  to  be  useful  for  one  application  or 
another. 

1.  Closely  spaced  receivers.  (approximately  one-wavelength  separation) 

2.  Recordings  of  group  height  as  a  function  of  time  for  widely  spaced 
receivers.  (approximately  200  wavelengths) 

3.  Recordings  of  amplitude  as  a  function  of  time  for  widely  spaced 
transmitters,  (approximately  200  wavelengths) 

4.  Simultaneous  observations  of  changes  of  amplitude  and  phase  path. 

5.  Method  of  large  arrays  of  many  elements,  ,  the  Buckland  Park 
array  having  100-meter  element-to-element  separation  in  a  square  or 
circular  grid  array  with  a  maximum  dimension  of  approximately  1 
kilometer. 

6.  Very  widely  spaced  transmitters,  spaced  ionosondes  with  200 

to  400  kilometer  separation  or  more. 

7.  Frequency  modulated  continuous  wave  techniques  employing  Doppler- 
effect  principles. 

The  experiment  at  Illinois  is  directed  toward  finding  an  optimum 
solution  for  a  specific  application.  Accordingly,  we  have  instrumented 
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the  experiment  to  have  both  the  widely  spaced  transmitter  capability  and 
the  closely  spaced  receiver  capability.  The  complete  experiment  will 
permit  one  to  make  comparisons,  draw  inferences  and, hopefully,  reach  a 
decision  as  to  the  best  way  to  solve  a  particular  problem. 

These  experiments  are  being  made  in  the  area  surrounding  the  RDF- 
Ionosonde  site  at  the  Monticello  Road  Field  Station.  The  triple-inter¬ 
ferometer  RDF  and  the  compatible,  collocated  and  complementary  vertical 
incidence  ionosonde  constitute  the  closely  spaced  receiver/transmitter 
system.  The  geometry  for  the  widely  spaced  transmitters  is  shown  in 
Figure  1.  The  transmitter  separai  '.on  is  approximately  30  kilometers; 
this  makes  the  effective  separation  of  the  specular  reflection  point 
approximately  15  kilometers  at  the  ionospheric  height  of  reflection. 

We  do  not  have  the  capability  to  observe  simultaneous  transmissions 
from  all  stations.  The  practical  compromise  is  to  switch  rapidly  in 
sequence  around  the  system  of  transmitters.  Figure  2  shows  the  block 
diagram  of  the  sequencer-timer  unit  which  permits  this  operation  from  a 
common  60-hertz  power  supply  utility.  Figure  J  shows  the  complete  cir¬ 
cuit  diagram  for  the  sequencer-timer  unit. 

The  transmitters  are  of  a  simple  kit-type  which  were  modified 
slightly  and  assembled  in  the  laboratory.  The  transmitting  antennas  are 
elevated  horizontal  doublets  or  dipoles  oriented  so  that  reception  of  the 
ground  wave  is  minimized. 

Two  kinds  of  data  are  recorded  from  each  transmitter.  The  amplitude 
function  of  time  is  recorded  as  well  as  the  differential  phase  informa¬ 
tion  measured  by  the  triplet  of  antenna  pairs  in  the  interferometer. 
Cross-correlations  may  be  made  between  the  amplitude  data  of  different 
transmitters  to  determine  the  horizontal  components  of  drift  velocicy 
or  traveling-wave  velocity.  Angles  of  arrival  in  azimuth  and  elevation 
together  with  their  temporal  deviations  may  be  determined  from  the  dif¬ 
ferential  phase  data. 

One  example  of  reduced  data  is  shown  in  Figure  4.  Analysis  of  these 
data  imply  that  there  is  a  traveling-wave  effect  moving  in  a  287°  azimuthal 
direction  over  the  region  with  an  effective  velocity  of  125  meters  per 
second.  The  wavelength  is  approximately  98  kilometers. 
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Figure  1.  Map  showing  proposed  locations  of  five  cooperative  HF  transmitters 
for  extended  tilt  measurements 
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Crosscovariance  of  the  amplitude  data  on  paper  tape  104 
(time  interval=2100-2150) 
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Southwest  Research  Institute,  San  Antonio,  Texas 

SHORT  TIME  SCALE  IONOSPHERIC  TILT  MEASUREMENTS  FOR 
LATERAL  DEVIATION  COMPENSATION 

ABSTRACT 


Tilt  parameters  were  computed  using  a  cooperative  transmitter 
located  55  km  from  the  DF  interferometer  at  a  GCB  of  306”.  These 
values  were  used  to  tilt  correct  DF  measurements  from  a  target  trans¬ 
mitter  located  64  km  and  GCB  of  347°.  A  study  was  made  of  the  auto¬ 
correlation  and  crosscorrelation  of  the  tilt  parameters  to  determine 
correlation  time.  The  short  correlation  times  indicated,  demonstrate 
a  need  for  rapid  tilt  measurements  which  are  possible  with  a  cross 
spectral  analyzer  and  an  FM/CW  sounder 


The  DF  interferometer  configuration  used  in  this  study  is  shown 
in  Figure  1.  The  antenna  array  consists  of  five  quadrature  fed  crossed 
loops  set  on  13  and  150  meter  baselines.  The  antenna  outputs  are 
sampled  by  the  switching  network  and  fed  through  the  twin  channel 
receiver.  Phase  measurements  are  made  from  the  receiver  outputs. 
The  switching  rate  is  set  to  produce  a  frame  of  four  phase  measure¬ 
ments  every  100  milliseconds.  Each  set  of  four  phase  measurements 
is  used  to  calculate  the  azimuth  and  elevation  of  the  incoming  wave. 
These  values  are  averaged  over  a  10  to  30  second  period  to  compute  a 
bearing  cut.  Additionally,  the  2 tr  point  (for  an  assumed  normal)  of  the 
azimuth  scatter  is  computed  and  labeled  tolerance  in  the  data  to  be 
reported. 

The  tilt  geometry  is  illustrated  in  Figure  2.  It  is  assumed 
that  the  lateral  deviation  of  the  received  signal  can  be  characterized 
by  the  triangle  ROP.  Hence,  through  knowledge  of  the  ionospheric 
height,  tilt  incidence  and  azimuth  of  the  tilt  vector,  the  measured 
elevation  and  azimuth  can  be  used  to  compute  tilt  angles  (azimuth 
and  incidence)  suitable  for  compensating  measured  observed  bearings 
for  tilt  effects. 

In  the  data  to  be  presented,  the  tilt  parameters  were  computed 
from  the  bearing  cuts  and  ionogram  data  using  a  cooperative  trans¬ 
mitter  with  location  known  apriori.  The  first  group  of  tilt  experiments 
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used  a  known  target  at  Bandera,  Texas  at  a  55  km  great  circle  path 
and  a  secondary  target  near  Comfort,  Texas  40°  to  the  north  of  Bandera 
and  64  km  distant  (see  Figure  3).  An  FM/CW  ionosonde  transmitter 
was  also  located  at  Bandera  to  provide  path  length  data.  During  each 
minute  a  DF  measurement  was  made  on  both  targets  with  a  sounding 
made  every  two  minutes.  Tilt  parameters  were  calculated  from 
target  azimuth  and  elevation  angle  measurements  and  ionosonde  path 
length. 


Time  series  of  tilt  azimuth  and  incidence  angle  and  the  corrected 
azimuth  are  shown  in  Figures  4  and  5.  A  time  series  of  the  same  data 
for  no  correction  is  also  shown.  The  tilt  angle  compensation  serves 
to  improve  the  average  azimuth  with  a  residual  scatter  about  the  great 
circle  bearing.  The  improvement  is  achieved  in  spite  of  the  40° 
difference  in  azimuth  and  10  km  difference  in  range  between  the  cor¬ 
rected  measurement  (Comfort)  and  the  correcting  tilt  measurement 
(Bandera). 

In  another  experiment  the  tilt  parameters  were  computed  suc¬ 
cessively  on  the  Bandera  target  every  20  seconds.  Data  were  collected 
from  a  transmitter  operating  on  6.  3  MHz  and  collocated  with  a  sounder 
in  Bandera,  Texas  (see  Figure  3).  Bearing  cuts  were  taken  over  a 
period  of  approximately  one  and  a  half  hours  to  generate  a  collection 
of  250  samples. 

Figure  6  is  a  time  series  representation  of  the  parameters 
mentioned  previously.  Note  the  tilt  azimuth  angle  rotates  through 
360°  with  time  at  the  end  of  the  record.  The  relatively  rapid  apparent 
tilt  angle  variation  may  be  attributed  to  residual  wave  interference 
error  although  the  ionograms  show  single  IF  modes  predominating  at 
least  1  5  db  above  the  second  hop. 

Figure  7  shows  10,  20,  and  30  second  time  averaged  data  per 
sample.  The  smoothing  obtained  from  10  seconds  to  20  seconds  is 
probably  due  to  wave  interference  error  reduction.  F rom  20  to  30 
seconds  little  change  is  noted,  thus  suggesting  an  approximate  mode 
coherence  time  of  20  seconds. 

The  cross  correlation  of  azimuth  tolerance  and  tilt  azimuth, 
shown  in  Figure  8  implies  that  there  exists  negligible  "long  term" 
correlation  between  wave  interference  and  tilt  azimuth  over  the 
measurement  period  involved.  The  question  then  arises,  how  fast 
does  the  path  direction  change?  Figure  9  shows  the  computed  auto¬ 
correlation  of  the  tilt  azimuth.  The  data  appears  to  be  essentially 
uncorrelated  after  20  seconds,  partially  caused  by  the  circular  nature 
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of  the  azimuth  function.  The  time  series  shows  that  10  minute  seg¬ 
ments  tend  to  be  highly  correlated  on  a  20  second  time  scale,  whereas 
the  azimuth  rotation  at  the  end  of  the  record  reduces  the  average  cor¬ 
relation  over  90  minutes. 

Figure  10  shows  the  cross  correlation  between  tilt  incidence 
and  azimuth  tolerance.  This  function  indicates  a  weak  degree  of  cor¬ 
relation  in  wave  interference  effects  with  lateral  deviation  and  depth 
of  penetration.  Again,  investigating  the  rate  of  change,  Figure  11  is 
a  plot  of  the  autocorrelation  function  of  tilt  incidence.  This  figure 
shows  that  the  changes  in  lateral  deviation  and  depth  of  penetration 
are  somewhat  slower  than  the  changes  in  tilt  azimuth  alone,  but  are 
fast  with  respect  to  the  10  second  averaging  period. 

These  short  correlation  periods  indicate  the  need  for  rapid  tilt 
measurement  with  wave  interference  effects  eliminated.  DF  measure¬ 
ment  on  each  sounder  return  in  real  time  provides  this  capability 
using  a  cross  spectrum  analyzer  with  a  FM/CW  sounder.  We  have 
performed  initial  experiments  demonstrating  interferometric  direc¬ 
tion  finding  on  an  HF  linear  FM/CW  signal. 

A  three-element  orthogonal  baseline  interferometer  and  a 
twin  channel  receiver  modified  for  linear  FM  synthesis  were  used 
to  obtain  the  phase  measurements.  Figure  12  shows  the  conventional 
orthogonal  baseline  arrangement. 

Tiie  relative  phases  were  measured  between  the  apex  antenna 
and  the  two  orthogonal  antennas,  each  baseline  being  75  meters. 
Measured  phase  differences  were  used  to  compute  incident  azimuth 
and  elevation.  Phase  ambiguities  were  resolved  by  prior  knowledge 
of  the  sounder  location. 

A  block  diagram  of  the  equipment  is  shown  in  Figure  12.  A 
calibrate  mode  injects  a  pilot  signal  obtained  from  the  coherent 
synthesizer  into  both  channels  as  a  measure  of  receiver  mismatch. 

Skywave  data  were  obtained  from  the  Naval  Research  Labora¬ 
tory  mobile  FM/CW  transmitter  unit  in  Pueblo,  Colorado  and  later 
from  Boulder,  Colorado.  A  sample  ionogram  for  the  propagation 
conditions  between  Pueblo  and  San  Antonio  is  shown  in  Figure  13. 

Note  that  single  mode  propagation  conditions  existed  in  the  15-16 
MHz  range. 

Sum  -and-difference  phase  displays  for  the  Pueblo-San  Antonio 
path  (1120  km  ground  distance)  are  shown  in  Figure  14  for  the  single 
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mode  propagation  region  where  a  relatively  high  signal -to-noise  ratio 
was  obtained  without  the  use  of  spectrum  analysis. 

The  computed  azimuth  and  elevation  angles  between  15  and  16 
MHz  are  shown  in  Figure  15.  Azimuth  angles  for  the  1  MHz  range 
agree  very  well  with  the  great  circle  bearing  of  332.  7°  varying  no 
more  than  1  0  or  2°.  The  elevation  angle  also  is  tightly  grouped  around 
a  nominal  20°  value  with  a  slight  increase  as  the  function  of  frequency. 

Another  FM/CW  direction  finding  experiment  performed  for  a 
Boulder,  Colorado  to  San  Antonio  path  yielded  essentially  the  same 
results.  The  frequency  range  was  19-21  MHz.  The  computed  azimuth 
angles  again  agree  well  with  the  true  great  circle  bearing  of  334.  5° 
as  shown  in  Figure  16.  The  slightly  greater  deviation  for  the  Boulder 
path  as  compared  to  the  Pueblo  path  is  attributed  to  weak  two-mode 
propagation  conditions  encountered.  The  elevation  angle  data  is  also 
approximately  20°  although  also  showing  more  dispersion  than  was 
found  for  the  Pueblo  path. 

These  results  demonstrate  the  capability  to  perform  direction 
finding  measurements  on  a  linear  FM/CW  signal.  With  two  channel 
spectral  analysis  providing  phase  difference  measurements  between 
each  spectral  component  (part  of  the  cross  spectrum  function),  it  is 
possible  to  measure  angle  of  arrival  data  on  each  of  the  modes  present 
in  the  sounder  return  without  wave  interference. 
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1.  Abstract 


The  problem  of  predicting  expected  mean  angle-of-arrival 
deviations  from  a  great  circle  path  due  to  large  scale  diurnal 
ionospheric  tilt  effects  is  discussed.  A  technique  for  obtain¬ 
ing  approximate  values  for  these  predicted  deviations  is  pre¬ 
sented.  This  technique  involves  the  use  of  the  ITS  Ionospheric 
Predictions  in  conjunction  with  an  approximate  ray  tracing  pro¬ 
cedure. 

The  main  features  and  limitations  of  this  prediction  tech¬ 
nique  are  illustrated,  and  preliminary  results  are  presented 
and  compared  with  experimental  HF  data  collected  during  1967 
over  a  1330  km  path  between  Houston,  Texas,  and  Urbana,  Illinois. 

2.  Introduction 


In  recent  attempts  to  predict  the  mean  angle-of-arrival  deviations 
from  a  great  circle  path  due  to  large  scale  diurnal  tilt  effects  in  the 
quiet  ionosphere,  two  somewhat  different  techniques  have  been  devised 
and  are  presently  under  study. 

One  of  these  techniques  is  comparatively  simple  but  has  serious 
practical  limitations.  This  technique  involves  the  calculation  of  the 
effective  ionospheric  tilt  using  predictive  information  scaled  from  the 
ESSA/ITS  ionospheric  maps  at  the  estimated  midpoint  of  the  path.  The 
other  technique,  which  will  be  discussed  in  more  detail,  is  relatively 
complex,  but  is  capable  of  more  general  application.  Both  techniques 
involve  several  realistic  approximations  and  assumptions  which  have  been 
made  in  the  interest  of  speed  and  convenience  in  use. 

3.  Experimental  Data 

In  order  to  test  the  success  of  the  angle  of  arrival  (AOA)  predic¬ 
tion  schema,  the  results  obtained  are  being  compared  with  experimental 
data  collected  during  the  "cooperative  experiment . During  this 
experiment,  which  took  place  over  the  period  March  1967  to  March  1968, 
a  large  amount  of  AOA  data  was  collected  with  the  CDAA  located  near 
Bondville,  Illinois,  on  a  CW  transmission  originating  near  Houston, 

Texas  (a  1330  km  path) .  These  data  were  collected  continuously  over 
a  five-day  period  chosen  to  bracket  the  international  geophysical  days 
for  each  month.  The  frequency  of  the  CW  transmission  was  changed  twice 
each  day;  8.0  MHz  being  used  during  the  local  nighttime  hours  and  12.2235  MHz 
being  used  during  the  daytime  hours. 


In  order  to  remove  wave-interference  and  other  short-duration  effects, 
a  two-hour  "averaging  window"  was  applied  to  the  azimuthal  AOA  data  col¬ 
lected.  Since  available  predictive  information  describing  the  ionosphere 
is  on  a  median  basis,  these  running  average  data  should  provide  an  excel¬ 
lent  basis  for  comparison. 

An  example  of  the  resulting  smoothed  average  data  is  shown  in  Fig¬ 
ure  1.  These  data  are  for  the  month  of  March  1968.  From  these  data, 
i  t  is  evident  that  although  there  is  considerable  day-to-day  variation 
during  the  nighttime  hours,  there  seems  to  be  a  very  definite  diurnal 
trend.  During  the  daytime  hours,  for  example,  there  is  a  fairly  consis¬ 
tent  positive  error  of  between  0.5  and  1.0  degrees.  Also,  what  has  been 
identified  as  an  MUF-related  effect  is  noticeable  during  the  early  morning 
hours.  Diurnal  trends  in  angle  of  arrival  have  also  been  noted  by  other 
authors (3,4)  are  ais0  evident  in  data  collected  in  this  experiment 
during  other  months. 

These  diurnal  effects,  which  are  observed  in  the  received  AOA,  have 
been  attributed  to  deviations  in  the  ray  path  (from  great  circle)  due 
to  large  scale  tilt  effects  in  the  quiet  ionosphere. v3,5)  These  tilt 
effects,  in  turn,  may  be  attributed  to  the  regular  height  variation  of 
electron  density,  the  normal  geographic  variation  of  maximum  electron 
density,  and  the  effect  of  the  Earth's  steady  magnetic  field.  Since  the 
variation  in  height  and  maximum  electron  density  of  the  quiet  ionosphere 
may  be  predicted  with  considerable  confidence,  at  least  in  a  median 
sense,  it  is  not  unreasonable  to  expect  that  tilt  effects,  and  consequently 
angle-of-arrival  deviations,  may  similarly  be  predictable. 

4.  Preliminary  Results 

Figure  2  shows  the  results  (for  March  1968)  of  an  early  attempt 
made  at  the  University  of  Illinois  to  predict  the  diurnal  variation  in 
AOA.  This  technique  was  based  upon  predictive  information  obtained 
graphically  from  ionospheric  contour  maps  at  the  approximate  midpoint 
of  the  Houston-Bondville  path.  Although  this  attempt  was  concerned  only 
with  the  one-hop-F  mode,  the  results  show  considerable  promise.  In 
agreement  with  the  experimental  data,  a  positive  deviation  in  AOA  was 
obtained  after  1330  hours  UT  (7:30  CST)  and  large  deviation  effects 
near  local  sunrise  were  also  found.  A  correction  obtained  on  this  basis 
and  applied  to  the  received  angle  of  arrival  could  be  expected  to  reduce 
the  tilt- induced  error  for  at  least  14  hours  of  the  24. 

The  MUF  and  sunrise  effects  noticeable  in  Figure  2  are  of  consider¬ 
able  interest.  The  standard  MUF  for  this  path  evidently  dipped  slightly 
below  8  MHz  at  some  time  prior  to  2:00  A.M.  CST  and  returned  above  8  MHz 
(to  permit  propagation)  at  some  time  after  6:00  A.M.  CST.  However,  the 
only  time  interval  in  which  propagation  did  not  occur  was  between  3:15  CST 
and  4:30  CST.  During  the  intervals  2:00-3:15  A.M.  and  4:30-6:00  A.M. , 
propagation  is  possible  only  in  conjunction  with  large  path  deviations 
(from  great  circle)  and  with  consequent  large  AOA  deviations. 

While  these  early  efforts  indicated  that  it  is  possible  to  use  iono¬ 
spheric  predictive  information  to  predict  AOA  deviations  with  some  degree 
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of  success,  they  also  indicated  that  more  comprehensive  techniques  are 
necessary,  especially  during  the  nighttime  hours.  It  was  felt  thht  the 
main  limitations  inherent  in  this  initial  prediction  method  were: 

a)  lack  of  consideration  of  the  ionospheric  E  and/or  Es  layers, 

b)  lack  of  consideration  of  possible  mixed-mode  (EF,  FE,  etc.) 
and  multihop  propagation,  and 

c)  limitation  to, one  geographic  location  at  which  the  tilt  could 
be  calculated. 


5.  A  More  Comprehensive  Method 

Recently,  a  more  comprehensive  method  (a  better  mousetrap)  has  been 
devised  for  predicting  AOA  deviations--one  which  incorporates  optional 
consideration  of  the  abovementioned  factors.  In  this  method  the  major 
ionospheric  parameters  (i.e.,  peak  height,  maximum  electron  density, 
and  semithickness  of  E  and  F2  layers)  are  predicted  through  direct  use 
of  sets  of  coefficients  available  from  ESSA/ITS.^^  A  modified  "control 
point"  procedure  is  utilized  and  an  analytical  approximation  describing 
the  orientation  of  the  equivalent  virtual  reflection  surface  is  obtained 
for  each  hop  of  each  chosen  path  structure.  A  simple  three-dimensional 
ray  tracing  procedure  is  then  used  in  an  iteration  loop  to  obtain  the 
geometrical  properties  of  the  equivalent  path  between  the  transmitter 
and  the  receiver. 

This  technique  will,  in  theory,  allow  the  calculation  of  approximate 
deviations  in  angles  of  arrival  for  a> y  given  time,  month/year,  frequency, 
geographical  path  location  and  common  path  geometry.  The  technique  has 
been  programmed  on  the  University  of  Illinois  IBM  360/75  and  initial 
indications  are  that  the  necessary  computations  are  performed  very  rapidly. 

In  order  to  provide  a  better  understanding  of  the  use  of  this  tech¬ 
nique,  and  to  illustrate  some  of  the  more  complex  problems  encountered, 
a  step-by-step  outline  of  the  program  operation  may  be  useful.  The 
order  of  the  calculations  performed  is  as  follows: 

1)  Path  data  input  (cards) — frequency,  time  (U.T.),  month,  year, 
receiver  location,  path  geometry  type  or  types,  and  an  estimate 
of  the  source  location. 

2)  Prediction  data  input  (mag.  tape) — predictions  coefficients 
describing  the  regular  variations  in  foF2,  M3qqqF2,  foE,  and 
foEs  (optional).  Coefficients  describing  foF2  and  M;}qqqF2 
may  be  either  short-term  (three  months  in  advance)  or  long¬ 
term  (over  entire  sunspot  cycle) .  Coefficients  describing  the 
other  parameters  are  available  on  a  long-term  basis  only. 

3)  Estimate  control  point  locations.  As  illustrated  in  Figure  3, 
the  choice  of  control  points  is  somewhat  arbitrary.  Some  effort 
has  been  made,  however,  to  choose  these  control  points  so  that 
they  are  coincident  with  the  probable  reflection  areas  of  the 
most  common  path  types.  In  order  that  tilt  effects  may  be 
described,  each  control  point  shown  actually  consists  of  a  group 
of  four  points  spaced  quite  closely  together. 
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4)  Calculate  time- dependent  polynomial  coefficients  for  the  iono¬ 
spheric  parameters  at  the  chosen  control  points  (i.e.,  remove 
the  geographical  variation) . 

5)  Calculate  foF2,  hpF2,  y  F2,  f  E  at  control  points  for  time 
specified. 

6)  Choose  path  type  (i.e.,  E,  F,  EE,  FF,  FFF,  etc.).  Two-hop 
and  three-hop  mixed  modes  may  be  considered,  but  these  modes 
rarely  propagate. 

7)  Estimate  hop  reflection  point  locations,  ionospheric  parameters 
at  hop  reflection  points  (by  linear  interpolation  between  con¬ 
trol  points),  and  hop  ranges  for  chosen  path  type. 

8)  Calculate  equivalent  vertical  incidence  frequency  and  the  vir¬ 
tual  height  at  each  of  four  locations  near  the  estimated  reflec¬ 
tion  point  on  each  hop.  This  involves  an  iterative  technique 
which  is  in  common  usage. (?)  Note  that  this  virtual  height  is 
strongly  dependent  on  both  hop  range  and  frequency.  Tests  for 
cutoff  or  penetration  of  the  ray  on  each  hop  are  also  made  at 
this  time. 

9)  Find  the  best  fit  spherical  approximation  to  the  reflection 
surface  for  each  hop.  The  radius  of  curvature  Rc  and  the  eccen¬ 
tricity  vector  D  are  found  for  a  sphere  which  contains  in  its 
surface  the  four  previously  calculated  oblique  incidence  virtual 
heights.  This  method  has  been  used  previously  to  describe  the 
ionospheric  tilt  on  the  basis  of  the  height  of  the  bottom  of 

a  model  layer. (8) 

10)  Trace  a  ray  in  three  dimensions  to  the  end  of  the  path  (all 
hops)  using  a  simple  Snell's  Law  ray  tracing  method.  Calculate 
a  new  value  of  ground  range  for  each  hop  and  determine  the  loca¬ 
tion  of  the  touchdown  point  at  the  end  of  the  path.  The  geometry 
for  one  hop  is  shown  in  Figure  4. 

11)  Compare  the  location  of  the  touchdown  point  with  the  estimated 
source  location.  If  the  comparison  is  unsatisfactory,  return 
to  step  8)  and  iterate.  For  a  multiple  hop  path,  adjust  the 
location  of  the  estimated  reflection  point  on  the  first  hop. 

12)  If  the  ray  has  reached  the  estimated  source  location,  calculate 
the  path  loss  (approximate)  and  elevation  and  azimuth  angles 

of  arrival  at  the  receiver.  Print  results  (two  lines  per  hop). 

13)  If  another  path  type  is  specified,  return  to  step  7)  and  repeat. 

14)  If  the  calculation  is  to  be  made  for  another  time,  return  to 
step  5)  and  repeat. 

While  the  above  outline  of'the  steps  involved  in  this  latter  tech¬ 
nique  can  in  no  sense  be  considered  a  complete  description,  it  will  hope¬ 
fully  provide  some  insight  into  the  problems  involved. 
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6.  Discussion 


There  are  almost  certainly  other  methods  by  which  AOA  deviations 
may  be  predicted.  In  fact,  if  one  is  willing  to  sacrifice  calculation 
speed,  the  above  described  method  could  be  modified  to  reduce  the  num¬ 
ber  of  approximations  made  (for  example,  it  would  be  nice  to  eliminate 
the  control-point  concept).  The  approximations  and  assumptions  inher¬ 
ent  in  this  technique  were  made  with  the  goal  of  rapid,  easy  utilization 
without  a  serious  sacrifice  of  reliability  or  accuracy.  Early  results 
obtained  indicate  that  this  goal  has  been  attained.  Studies  are  con¬ 
tinuing  with  regard  to  the  reliability  of  using  the  predicted  AOA  devia¬ 
tion  results  as  corrections  to  be  applied  to  received  angles  of  arrival. 
Multimode  propagation  considerations  are  also  being  investigated. 

References 


1.  Bailey,  A.  D. ,  E.  W.  Ernst,  L.  J.  Miller,  and  W.  W.  Wood,  "An  atlas 
of  reduced  data  obtained  in  a  co-operative  HF  directional  propaga¬ 
tion  experiment  over  a  1330  km.  path  (March  1967-March  1968),"  RRL 
Publication  No.  344;  September  1968. 

2.  Bailey,  A.  D.,  "Direction  of  arrival  studies  on  a  long  path  (summary)," 
Proceedings  of  a  Conference  on  HF  Radio  Propagation,  June  1969, 

ed.  by  E.  W.  Ernst,  RRL  Publication  No.  375;  August  1970. 

3.  Whale,  H.  A. .Effects  of  Ionospheric  Scattering  on  Very-Long-Distance 
Radio  Communication,  Plenum  Press,  New  York;  1969. 

4.  Titheridge,  J.  E. ,  "Variations  in  the  direction  of  arrival  of  high- 
frequency  radio  waves,  JATP,  13,  1968,  pp.  17-25. 

5.  Hayden,  E.  C.,  "Correlation  of  DF  errors  with  ionospheric  radio 
propagation  phenomena,"  University  of  Illinois,  Urbana,  Illinois, 

Report  RADC-TDR-62-236,  Contract  AF30 (602)-2413;  March  1962. 

6.  Jones,  William  B.,  Ronald  P.  Graham,  and  Margo  Leftin,  "Advances  in 
ionospheric  mapping  by  numerical  methods,"  NBS  Technical  Note  No. 

337;  May  1966. 

7.  Barghausen,  Alfred  F.,  James  W.  Finney,  L.  Lee  Proctor,  and  Larry 
D.  Schultz,  "Predicting  long-term  operational  parameters  of  high- 
frequency  sky-wave  telecommunication  systems,"  ESSA  Technical  Report 
ERL  110-ITS  78;  May  1969. 

8.  Rao,  N.  N.  "Bearing  deviation  in  HF  trans ionospheric  propagation," 

Radio  Science  (New  Series),  Vol.  3,  No.  12,  pp.  1113-1123;  Decem¬ 
ber  1968. 


Azim.  209.0 


Figure  1.  Average  AOA  data  for  March  1968. 


Figure  2.  Predicted  AOA  for  one-hop-F  path  for  March  1968. 
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ABSTRACT 


The  low  peak  transmitted  power  and  substantial  immunity  to 
interference  inherent  in  the  linear  FM/CW  waveform  have  suggested 
the  design  of  a  vertical  incidence  ionosonde.  Due  to  the  siting  con¬ 
straints,  isolation  between  the  transmitted  and  received  signals  cannot 
be  conveniently  accomplished,  in  many  instances,  by  the  use  of 
separate  antennas  for  transmission  and  reception.  When  a  single 
antenna  is  employed,  the  transmitted  signal  must  be  commutated  to 
permit  reception.  The  implications  of  commutation  with  respect  to 
the  range  visibility  function  are  discussed.  It  is  anticipated  that  a 
demonstration  of  a  prototype  sounder  will  be  presented. 


Presented  at  the  Fourth  Allerton  House  Conference  on  Radiolocation 
Research,  Monticello,  Illinois,  June  1-4  1971 


INTRODUCTION 


Ionospheric  sounding  technology  has  traditionally  (with  the  exception 
of  Appleton)  utilized  swept  or  fixed  frequency  pulse  transmissions  to 
measure  the  group  delay  of  HF  returns.  About  six  years  ago,  the  linear 
FM/CW  waveform  was  applied  to  ionospheric  measurements  by  Prof. 

O.  G.  Villard,  Jr.  and  his  students  at  Stanford  University;  shortly  there¬ 
after,  our  laboratory  also  began  investigation  of  the  technique.  The 
linear  FM/CW  waveform  has  proved  successful  in  all  types  of  HF  sounding, 
viz.  oblique  incidence,  backscatter,  RTW,  and  most  recently,  vertical 
incidence  sounding.  In  all  but  the  latter  application,  the  linear  FM/CW 
waveform  has  the  desirable  property  of  unity  duty  factor  coupled  with  an 
achievable  range  resolution  limited  only  by  the  ionospheric  dispersion; 
experimental  evidence  suggests  that  this  may  be  considerably  less  than 
l/“  sec  under  ideal  conditions.  A  corresponding  disadvantage  is  the 
necessity  for  isolating  the  receiver  from  the  transmitter  to  eliminate  a 
substantial  fraction  of  the  direct  (ground  wave)  coupled  transmitter  energy. 
The  separation  required  depends  on  the  transmitted  power  level  and  the 
relative  amplitude  between  the  ground  wave  (and  associated  phase  noise 
spectrum)  and  the  anticipated  level  of  the  desired  return.  In  the  case  of 
low-power  vertical-incidence  sounding,  antennas  oriented  orthogonally 
and  spaced  by  1000  feet  are  adequate,  while  in  higher  power  backscatter 
systems,  the  separation  must  be  tens  of  miles. 

Most  applications  for  vertical  incidence  sounding  systems  mitigate 
against  the  use  of  two  antennas  separated  even  by  1000  feet.  The  desire 
for  portability,  use  of  existing  antennas,  or  airborne  use  precludes  the 
implementation  of  a  practiced,  system  if  it  utilizes  two  antennas.  Con¬ 
sequently,  another  method  of  isolating  the  transmitter  and  receiver  must 
be  sought.  The  most  obvious,  and  the  one,  in  fact,  selected  is  to  pulse 
the  linear  FM/CW  waveform  in  a  manner  which  might,  at  first,  appear 
similar  to  a  conventional  sounder,  but  is,  in  reality,  quite  a  departure 
from  a  pulsed-cw  system.  The  advantage  gained  is  that  the  typical  duty 
factor  is  approximately  0.  7  and  that  the  signal  processing  is  similar  to 
unity  duty  FM/  CW. 

CONCEPTUAL  APPROACH 


Figure  la  is  the  basis  for  understanding  single  antenna  sounding. 

The  discussion  is  given  as  if  the  transmitter  output  frequency  and  receiver 
1.  o.  were  the  same,  resulting  in  homodyne  detection,  whereas  the  actual 
system  offsets  the  receiver  1.  o.  by  the  nominal  first  IF  frequency.  For 
illustrative  purposes,  we  have  assumed  that  the  FM/CW  generator  is 
sweeping  in  the  positive  sense  at  a  sweep  rate  df / dt  and  the  transmitter 
and  receiver  are  gated  on  alternately  every  2  msec.  During  the  entire 


sequence,  the  FM/CW  generator  continues  to  sweep,  with  the  generator 
output  utilized  alternately  as  the  transmitted  signal  and  receiver  1.  o. 
during  the  transmit  and  receive  periods  respectively;  the  antenna  is 
transferred  between  the  transmitter  output  and  the  receiver  input  in 
accordance  with  the  mode. 

Shown  also  are  returns  from  reflections  at  1 ,  2,  and  3  msec  range, 
which  are  delayed  replicas  of  the  transmitted  pulse.  Note  that  the  return 
at  the  closer  range  begins  to  arrive  prior  to  the  commencement  of  the 
receive  interval  and  a  portion  of  the  return  is  lost,  while  a  return  from 
2  msec  entirely  fills  the  receiver  on  gate;  at  greater  ranges,  the  trailing 
portion  of  the  return  is  lost,  until  finally  for  a  delay  of  4  msec  the  return 
is  contained  entirely  within  the  subsequent  transmit  interval  and  cannot 
be  received.  The  portion  of  each  return  which  can  be  observed  by  the 
receiver  is  indicated  by  the  wavy  line.  The  effect  of  commutating  the 
FM/CW  waveform  is,  therefore,  to  impose  a  range  visibility  function  on 
the  data,  which  is  sketched  in  Figure  lb,  revealing  the  presence  of  a 
zero  response  at  0,  4,  8.  .  .  msec,  which  is  obviously  undesirable  since 
desired  data  may  lie  in  the  vicinity  of  4  msec.  We  shall  discuss,  in  a 
moment,  how  this  problem  can  be  overcome.  Before  treating  that  topic, 
consider  the  effect  of  homodyne  detecting  the  received  signal  by  mixing 
it  with  the  FM/CW  generator.  In  the  case  of  a  unity  duty  factor  wave¬ 
form,  the  difference  frequency  would  be  given  by 

(1) 

where  A  F  =  difference  frequency  in  Hz 

fli  =  sweep  rate  in  kHz/  sec 
dt 

''f'  =  time  delay  in  msec 

When  the  waveform  is  commutated  as  described  above,  the  same 
difference  frequency  relation  obtains,  but  the  energy  at  each  frequency 
occurs  in  bursts,  related  to  the  visibility  function.  This  effect  is  shown 
schematically  in  Figure  lc,  where  the  magnitude  of  the  difference  fre¬ 
quency  is  plotted  as  a  function  of  time  for  several  pulses.  Since  the 
spectrum  analyzer  employed  to  process  the  data  has  a  typical  frequency 
resolution  of  0.  5  Hz,  2  seconds  of  data  is  accumulated  for  analysis 
purposes,  representing  500  pulses  of  the  type  shown.  This  results  in 
recovery  of  the  nominal  frequency  of  each  component  plus  the  addition  of 
sidebands  related  to  the  chopping  rate.  Provided  that  the  chopping  rate 
and  sweep  rate  are  suitably  scaled,  the  sidebands  will  fall  outside  the 
data  analysis  bandwidth. 


In  order  to  proceed  further,  with  the  analysis  of  the  system,  some 
of  the  parameters  of  the  real-time  spectrum  analyzer  need  to  be  specified. 
Atypical  analysis  bandwidth  would  be  200  Hz  with  400  frequency  resolu¬ 
tion  cells  (0.  5  Hz  bandwidth).  Since  the  readout  rate  of  the  analyzer  is 
of  the  order  of  200  msec,  the  spectrum  analysis  is  redundant  by  a  factor 
of  10,  and  is  utilized  primarily  to  achieve  a  suitable  display.  Table  1 
summarizes  the  range  gate.'f'j^^,  3  db  range  resolution,  anc* 

the  time  to  sweep  a  1  MHz  frequency  band.  From  this  set  of  parameters 
one  must  optimize  performance  based  on  some  set  of  criteria.  For 
purposes  of  establishing  such  criteria,  we  chose  to  specify  that  the 
system  should  have  a  range  resolution  of  10^4  sec  since  it  is  normally 
desired  to  scale  critical  frequencies  to  100  kHz  accuracy;  this  results  in 
selecting  50  kHz/  sec  as  the  optimum  sweep  rate  (N.  B.  if  other  than  flat 
weighting  is  desired  in  the  spectrum  analysis  process,  a  slightly  higher 
sweep  rate  will  be  more  effective).  Faster  sweep  rates  may  be  utilized 
if  the  spectrum  analyzer  bandwidth  is  set  at  500  Hz  and  a  higher  chopping 
frequency  selected. 


TABLE  1 


df/  dt 
(kHz/  sec) 

fmax  <m‘ec>V' 

r3db 

T  /  MHz(sec) 

20 

10.  0 

25 

50 

30 

6.  66 

16.  66 

33.  3 

40 

5.  0 

12.  5 

25 

50 

4.  0 

10.  0 

20 

60 

3.  33 

8.  3 

16.  6 

70 

2.  85 

7.  1 

14.  3 

80 

2.  5 

6.  25 

12.  5 

90 

2.  22 

5.  5 

11.  1 

100 

2.  0 

5.  0 

10 

Returning  to  the  question  of  the  visibility  function  again,  we  note 
that  the  zero  visibility  points  are  related  to  the  sum  of  the  duration  of 
the  transmit  and  receive  periods;  i.  e.  ,  to  the  pulse  repetition  frequency. 
Consequently,  the  position  of  the  zero  may  be  adjusted  by  varying  the 
prf.  This  is  in  fact  what  is  done,  and  in  a  manner  such  that  the  visibility 
function  is  optimized  over  the  range  gate  of  interest.  Let  us  look  at  a 
practical  example  shown  in  Figure  2.  Traces  1  and  2  are  the  transmitter 
and  receiver  states  for  the  high  prf  and  traces  3  and  4  for  the  low  prf, 
respectively.  A  guard  band  is  provided  between  transmitter  turn  off  and 
receiver  on  to  permit  the  decay  of  any  circulating  pulses  in  the  antenna 

200  Hz  spectrum  analysis  bandwidth 

SjSJlS 

400  spectral  resolution  cells 


transmission  line.  The  corresponding  visibility  functions  for  the  high 
and  low  prf  states  are  given  by  traces  5  and  6  respectively.  The  trans¬ 
mitter  duty  factor  has  been  increased  to  greater  than  50  percent,  yielding 
a  flat-top  function  at  a  slight  increase  in  the  effective  receiver  noise 
figure.  In  practice,  there  are  a  total  of  10  distinct  prf  states,  only  the 
maximum  and  minimum  prf  being  shown  here.  Once  complete  sequence 
of  prf  states  is  accomplished  during  the  time  necessary  to  sweep  over  a 
100  kHz  band  resulting  in  a  relatively  uniform  visibility  function  consis¬ 
tent  with  obtaining  a  range  resolution  of  10^U  sec. 

HARDWARE  REALIZATION 


The  implementation  of  the  concept  is  outlined  in  Figure  3.  In 
practice,  the  receiver  has  a  first  IF  which  is  substantially  offset  from 
zero  (viz.  40  MHz).  A  FM/ CW  generator  based  on  remote  control  of  a 
DANA  Laboratories  7010  Digiphase  frequency  synthesizer  by  an  AVCO 
LFM-2  sweep  control  provides  simultaneous  outputs  of  1-30  MHz  and 
41-70  MHz  which  are  utilized  as  the  transmitted  signal  source  and 
receiver  local  oscillator  respectively.  They  are  alternately  supplied  to 
the  transmitter,  which  is  a  ten  watt  broadband  transistor  amplifier  and 
to  the  receiver  first  mixer.  The  prf  control  is  synchronized  with  the 
sweep  rate  and  sequences  the  low  level  rf  switches  and  high  power  T/R 
switch  to  achieve  a  timing  plan  similar  to  that  shown  in  Figure  2. 

The  receiver  is  a  double  conversion  superheterodyne  output  trans¬ 
lated  to  baseband  in  a  coherent  (undetected)  manner,  and  with  all  conver¬ 
sion  frequencies  phase  locked  to  the  synthesizer  frequency  standard. 
Manual  or  AGC  modes  are  provided.  The  last  IF  bandwidth  is  limited 
to  200  Hz  by  a  crystal  filter  to  permit  the  AGC  to  operate  and  to  reduce 
fold  over  of  interfering  signals.  Spectrum  analysis  is  performed  by  a 
real-time  audio  spectrum  analyzer  and  the  resultant  signal  displayed  as 
z-axis  modulation  on  a  facsimile  recorder. 


Typical  equipment  specifications  are  shown  in  Table  2. 


TABLE  2 


TYPICAL  FM/CW  OPERATING  PARAMETERS 
(Vertical  Incidence) 


Frequency  Range: 

Power  Output: 
Sweep  Rate: 

Range  Gate: 

Range  Resolution: 
Sweep  Time: 


1-30  MHz  (100  kHz  minimum 
bandwidth) 

8  watts  peak,  6  watts  average 

50  kHz/  sec 

0-4  msec  (0-600  km) 

10  sec 
20  sec/ MHz 


Figure  4  is  a  photograph,  sans  spectrum  analyzer  and  display  of 
a  system  similar  to  that  described  in  the  text.  From  top  to  bottom  are 
the  LFM-2  Sweep  Control,  DANA  7010  Synthesizer,  receiver  and  prf 
control,  T/R  Switch  and  10  watt  broadband  amplifier. 

An  example  of  data  obtained  during  preliminary  system  testing  is 
given  in  Figure  5,  where  the  sweep  rate  is  30  kHz/ sec  and  a  100  Hz 
bandwidth  analysis  range  was  utilized,  approximately  equivalent  in  range 
resolution  to  that  previously  discussed.  The  sweep  bandwidth  was  2-10 
MHz  with  approximately  3  watts  forward  power  (measured  with  a  thru- 
line  wattmeter).  The  antenna  was  quite  poor,  as  it  was  intended  to 
simulate  one  aboard  an  aircraft.  Frequency  markers  appear  every  MHz; 
the  total  range  gate  displayed  is  3.  33  msec  (500  km). 


sweep  rate:  30KHz/sec 
frequency  run^e:  i-10MIl7. 
trrnbraltteil  power:  3  watt* 
r^nte  t,-.te:  0-3.3i'I6*c 
r-n  e  resolution:  l.j^icn 
loc~tio.i:  Albuquerque,  :.V1. 
date/tine :  J  lee.  fO/l^l^LT 

Avn/cHiHr.  p  ;dkt:-; 


AMPLITUDE  STUDIES  OF  HF  AURORAL  BACKSCATTER 


F.  0.  Fahlsing  and  N.  Narayana  Rao 
Radiolocation  Research  Laboratory 
University  of  Illinois 
Urbana,  Illinois  61801 

This  report  describes  the  measurement  of  the  amplitudes  of  short 
pulses  propagated  over  a  bistatic  path  involving  auroral  reflection.  The 
geometry  of  the  experiment  is  shown  in  Figure  1.  The  transmitter  is  a 
Granger  stepped-frequency  pulse  sounder  with  20  kW  peak  power  located 
near  Rome,  New  York.  The  transmitter  drives  a  6-60  MHz  log-periodic 
antenna  directed  at  an  azimuth  of  330°.  The  receiving  antenna  is  the 
University  of  Illinois  Wullenweber  array  located  near  Bondville,  Illinois. 
The  ionosonde  receiver  and  a  separate  amplitude  receiver  were  connected 
to  the  array  through  multicouplers.  The  amplitude  receiver  was  tuned  to 
6.75  MHz  (one  of  the  Granger  frequencies)  and  a  gain  curve  was  obtained 
for  signal  strengths  from  10-1000  yV.  The  detected  output  of  the  ampli¬ 
tude  receiver  was  displayed  on  a  cathode  ray  oscilloscope  (standard  "A- 
scope"  display)  and  photographed.  The  boresight  of  the  receiving  antenna 
was  stepped  from  345°-45°  azimuth  in  15°  steps  at  the  rate  of  1  step/min. 
Oblique- incidence  ionograms  and  signal  amplitude  photographs  were  recorded 
each  minute  between  2200  UT  on  March  10,  1971  and  1400  UT  on  March  11,  1971. 
The  sounder  was  programmed  as  follows : 

Pulse  width  ■  200  microseconds 
Pulse  repetition  rate  =  50  pulses  per  second 
Pulses/channel  -  8 
Frequency  Range  =  4-16  MHz 

Auroral  backscatter  signatures  were  observed  in  the  data  between 
0200  and  0345  UT  on  March  11,  1971.  The  greatest  frequency  of  occurrence 
and  the  largest  pulse  amplitudes  appeared  at  an  azimuth  of  15°.  There¬ 
fore,  it  is  assumed  that  the  direction  of  arrival  of  the  backscattered 
pulses  is  very  near  to  15°  and  only  those  data  observed  at  this  azimuth 
will  be  considered.  The  time  delays  and  amplitudes  of  the  observed  pulses 
are  shown  in  Figure  2.  Symbols  on  the  amplitude  graph  correspond  with 
those  symbols  on  the  tiiue  delay  graph.  A  reproduction  of  an  experimental 
ionogram  is  shown  in  Figure  3.  The  direct  IF  and  2F  modes  are  clearly 
seen  as  well  as  3  auroral  backscatter  modes. 

A  simplified  model  is  used  to  synthesize  auroral  backscatter  iono¬ 
grams  and  to  calculate  theoretical  values  of  received  signal  amplitude 
which  are  compared  with  the  experimental  data.  This  model  consists  of  a 
quasi-parabolic  F  layer  with  a  perfectly  reflecting  mirror  aligned  along 
the  dipole  field  lines  at  a  fixed  geomagnetic  latitude.  The  propagation 
modes  simulated  in  this  study  are  defined  in  Figure  4.  The  reflection 
at  the  mirror  follows  Snell’s  law.  First,  a  ray  that  arrives  at  the 
receiver  after  satisfying  all  the  requirements  of  the  model  is  traced. 

This  ray  is  defined  as  the  "solution-ray."  For  each  such  "solution-ray," 
the  group  delay,  received  azimuth  and  received  elevation  angle  are  cal¬ 
culated.  The  amplitude  is  calculated  by  tracing  2  rays  in  addition  to 


the  "solution-ray"  as  shown  in  Figure  5.  The  power  transmitted  into  the 
triangular  cone  is 


AP  =  4>Aft 

where  $  is  the  power/unit  solid  angle  transmitted  in  the  ray  direction 
and  Aft  is  the  solid  angle  of  the  cone.  It  should  be  pointed  out  that  Aft 
is  very  small,  e.g.,  of  the  order  of  10“^  steradians.  The  received 
power  density  is 


where  A  is  the  cross-sectional  area  of  the  triangular  cone  at  the  receiver. 
Figure  6  shows  calculated  time  delay  vs.  frequency  for  several  values  of 
mirror  latitude.  Figure  7  shows  calculated  received  amplitude  at  6.75 
MHz  as  a  function  of  time  delay  before  and  after  the  receiving  antenna 
gain  is  introduced. 

It  was  expected  that  the  propagating  modes  could  be  identified  by 
comparing  the  experimental  ionograms  to  the  synthetic  one.  However,  the 
results  of  this  comparison  are  inconclusive.  It  can  be  stated  that  many 
of  the  observed  modes  are  beyond  the  maximum  range  of  a  DF-DF  mode  and 
therefore  must  be  more  complex.  The  1FDF-1FDF  mode  is  one  possibility. 

The  range  of  observed  amplitudes  is  nearly  16  times  smaller  than  the 
range  of  calculated  amplitudes.  Although  several  effects  were  ignored 
in  the  simple  model  (e.g.,  pulse  spreading  and  polarization)  the  most 
likely  source  of  the  large  error  is  the  assumption  of  unity  reflection 
coefficient  at  the  mirror. 

In  future  studies  of  this  type,  the  following  improvements  should  be 

made  : 


1.  Use  a  wide-beam  antenna  such  as  a  log-periodic  for  amplitude  meas¬ 
urement  . 

2.  Improve  model  to  include  pulse  spreading  and  polarization. 

3.  Use  theoretical  and  experimental  results  to  calculate  an  "effective 
reflection  coefficient." 


AMPLITUDE -^V  TIME  DELAY  —  m* 


FREQUENCY  «  6.75MHz  ,  AZIMUTH  ■  15* 
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a)  amplitude  of  voltage  at  the  output  of  the  antenna  scanner  vs.  time 


UT 


h)  time  delay  in  milliseconds  vs-  time 

Figure  2.  Summary  of  auroral  backscatter  data  obtained  on  6.75  MHz  at  15° 
azimuth  on  11  March  1971. 
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Figure  3.  Reproduction  of  ionogram  recorded  at  0255  UT  on  11  March  1971. 
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10  NOSPHERIC  PARAMETERS 
LAYER  MAXIMUM  -  300  km 


Figure  6.  Synthetic  ionogram. 
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ABSTRACT 

Transmissions  from  WWV  (Fort  Collins,  Colorado)  were  recorded 
at  the  University  of  Illinois's  highly  directional  Wullenweber  array 
located  in  Champaign,  Illinois.  The  signals  were  subsequently  processed 
for  Doppler  deviations  to  an  effective  frequency  resolution  of  0.  024  Hz. 
The  Doppler  spectra  from  these  signals  are  compared  with  the  expected 
and  measured  modal  propagation  between  the  transmitting  and  receiving 
sites.  Comparison  between  FM/CW  oblique  ionograms  from  Boulder  to 
the  University  of  Illinois  and  Doppler  spectra  from  WWV  will  be  des¬ 
cribed.  The  data  will  include  sunrise  and  MUF  failure  effects  on  the 
Doppler  spectra.  A  statistical  anf.lysis  of  Doppler  separation  as  a 
function  of  frequency  separation  for  night,  day,  sunrise,  and  sunset  con¬ 
ditions  will  be  shown. 
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1.  0  DATA  COLLECTION  AND  REDUCTION 

All  data  used  in  this  investigation  were  acquired  at  the  University 
of  Illinois  Wullenweber  receiving  site.  A  block  diagram  of  the  collection 
scheme  is  presented  in  Figure  1.  After  selecting  the  transmitter  to  be 
observed  during  a  data  collection  period,  the  antenna  beam  was  formed 
with  its  bore  sight  along  the  great  circle  path  and  connected  to  the 
receiver.  The  receiver  was  tuned  to  the  desired  frequency  and  manual 
gain  set  so  that  the  90  Hz  beat  frequency  coherent  IF  output  was  approxi¬ 
mately  2  Vp-p.  Final  adjustment  of  the  receiver  tuning  was  achieved  by 
comparing  the  90  Hz  IF  output  with  a  90  Hz  reference  oscillator.  The 
90  Hz  IF  output  of  the  receiver  was  recorded  on  an  FM  tape  recorder 
along  with  a  time  code.  After  initial  setup,  the  collection  process  pro¬ 
ceeded  unattended. 

Doppler  shifts  in  the  received  frequency  of  an  ultra-stable,  fixed- 
frequency  transmitter  occur  due  to  variations  in  the  index  of  refrac¬ 
tion  along  the  ionospheric  transmission  path.  Conceptually,  different 
modes  of  propagation  should  experience  different  Doppler  shifts,  and 
if  the  received  signal  arrives  via  multi-mode  propagation,  each  mode 
will  contribute  to  the  total  received  energy  and  total  Doppler  spread.  By 
spectral  analysis  of  the  received  signal,  the  individual  modes  can  be 
separated  in  Doppler  space.  The  high  resolution  necessary  (0.  01  Hz)  to 
separate  the  modes  during  undisturbed  propagation  periods  was  achieved 
using  a  "real  time"  spectrum  analyzer  and  a  tape  speed-up  technique 


before  analysis  of  the  data  by  the  analyzer.  From  the  original  recording 
speed  of  1  7/8  ips,  the  tape  was  played  back  at  120  ips  giving  a  64  times 
speed-up  factor.  The  data  from  the  tape  was  .  en  recorded  on  a  second 
tape  whose  recording  speed  was  30  ips  and  this  second  or  dubbed  tape 
used  as  the  source  of  data  for  the  analyzer.  By  playing  back  the  dubbed 
tape  at  30,  60,  or  120  ips,  speed  up  factors  of  64,  128,  or  256  were 
obtained.  The  speed  up  factor  of  128  proved  sufficient  for  resolution  of 
the  modes  and  was  the  primary  speed-up  factor  used  during  analysis  of 
the  data.  Figure  2  is  a  block  diagram  of  the  analysis  scheme,  and 
Table  1  gives  a  summary  of  the  relevant  parameters  for  the  three  speed-up 
factors. 


TABLE  1 


speed-up 

factor 

center  frequency 
after  speed-up 

effective  analysis 
bandwidth 

effective 

bandwidth 

64 

5, 760  Hz 

20  Hz 

.  047  Hz 

128 

11,520  Hz 

10  Hz 

.  0235  Hz 

256 

23, 040  Hz 

5  Hz 

. 01 17  Hz 

The  spectrum  analyzer  employed  for  the  analysis  described  herein  has  a 
1260  Hz  bandwidth  and  a  dynamic  range  of  35  db.  A  facsimile  recorder 
was  used  for  visual  observation. 

2.  0  DOPPLER  SPECTRA  FROM  WWV  -  UN’VERSITY  OF  ILLINOIS 

The  data  described  in  this  section  were  taken  over  a  24-hour  period 
at  two  frequencies,  using  WWV  as  a  highly  stable  transmitter.  Figures 
3  and  4  illustrate  the  type  of  Doppler  spectra  that  are  commonly  observed. 


The  nighttime  data  (0209-1500  UT,  3  November  1970)  utilized  5  and  10 
MHz  while  the  daytime  data  (1703-0245  UT,  3-4  November  1970)  was 
recorded  at  10  and  15  MHz.  The  WWV  programmed  off  periods  from 
45:15-49:15  after  the  hour  are  clearly  observed,  and  provide  a  visual 
time  reference  in  the  data.  The  data  was  processed  at  128  times  speed-up 
at  an  effective  resolution  of  0.  0235  Hz.  Sunset  occurred  at  0010  UT  at 
97.  5°W  longitude  for  a  100  km  height.  Sunrise  at  97.  5°W  longitude  for 
100  km  height  occurred  at  1217  UT.  (97.  5°W  longitude  was  chosen 
because  it  is  the  midpoint  of  the  IF  mode  between  WWV-University  of 
Illinois. ) 

Figure  3  shows  the  Doppler  spectra  for  the  5  and  10  MHz  signal 
for  the  nighttime  period.  Several  modes  are  observed  with  separation 
to  0.  2  Hz.  The  largest  mode  separation  occurs  at  shortly  after  1200  UT, 
which  coincides  with  occurrence  of  sunrise.  The  5  MHz  signal  fades  out 
after  1300  UT,  and  by  1400  UT,  the  5  MHz  is  very  faint.  This  is  attri¬ 
buted  to  the  high  absorption  which  occurs  during  the  day  at  the  lower 
frequencies. 

The  simultaneous  10  MHz  signal  shows  a  radically  different 
behavior.  The  signal  level  shows  a  decrease  at  0500  UT,  and  by  0740  UT 
no  signal  is  observed.  MUF  failure  for  the  10  MHz  transmissions  is 
occurring  but  of  a  rather  interesting  type.  At  0515  UT,  we  observed 
that  the  weakened  signal  has  an  off  period  of  5  minutes.  This  corresponds 
to  the  off  period  of  WWVH.  (WWVH  is  a  time  standard  station  located  in 
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Hawaii,  which  has  the  same  frequency  allocations  as  WWV  but  with 
a  different  off  period.  )  It  is  observed  from  the  data  that  the  10  MHz 
MUF  failure  for  WWV  occurred  shortly  before  0500  UT.  WWVH  becomes 
visible  shortly  after  and  clearly  shows  an  off  period  between  0515-0520 
UT.  The  WWVH  signal  shows  some  signal  fading  until  0740  UT  when  it 
also  undergoes  MUF  failure. 

Since  the  distance  between  WWVH  and  University  of  Illinois  is 
6706.  19  km,  the  data  from  0500-0740  UT  represent  Doppler  spectra 
for  a  long  path.  A  question  as  to  the  extent  to  which  WWVH  interferes 
with  the  Doppler  spectra  of  WWV  during  the  time  WWV  is  being  received 
is  of  interest.  Since  the  off  times  are  different,  a  cursory  look  at  the 
signal  levels  in  the  offtimes  of  WWV  will  give  some  clues  as  to  the  amount 
of  WWVH  contamination.  Before  0400  UT,  the  off  times  for  WWV  do  show 
some  interference,  but  before  0300  UT  the  off  time  is  relatively  clear. 

The  off  times  at  5  MHz  are  always  clear  of  WWVH  interference  effects. 

In  Figure  3,  the  10  MHz  signal  appears  shortly  after  1100  UT, 
before  sunrise  at  97.  5°W,  and  then  becomes  much  stronger  after  1220  UT. 
The  signal  observed  between  1100-1220  UT  is  from  WWVH,  as  is  confirmed 
from  the  off-period  times.  The  longitude  of  WWVH  is  156°W  and  sunrise 
occurs  later  than  1220  UT  for  this  path.  The  WWV  signals  are  clearly 
observed  after  1220  UT,  which  is  the  time  of  sunrise  control  for  the  IF 
modes  between  WWV-University  of  Illinois.  The  observations  of  WWVH 
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before  this  can  only  be  attributed  to  a  pre-sunrise  increase  in  foF2 
near  the  midpoint  between  WWVH  and  University  of  Illinois.  This  is 
only  a  hypothesis  as  no  supporting  ionospheric  data  is  currently  avail¬ 
able.  The  sunrise  influence  on  WWV  is  very  large,  and  shifts  of  1-2 
Hz  between  modes  can  be  observed. 

Figure  4  shows  10  MHz  and  15  MHz  during  the  day  to  evening 
hours  on  the  3-4  November  1970  (1703-0245  UT).  The  signal  strength 
is  higher  for  the  10  MHz  signal.  The  15  MHz  signals  show  larger 
Doppler  shifts  than  the  10  MHz  observations.  There  does  not  appear 
to  be  a  one-to-one  correlation  between  the  modal  separations  seen  on 
the  two  frequencies. 

3.  0  MUF  FAILURE  EFFECTS 

From  2300-0200  UT  on  9-10  October  1970,  the  spectral  analyzed 
data  for  WWV  is  shown;  a  time  mark  every  5  minutes  is  indicated 
(Figure  5).  The  blank  regions  on  the  data  at  2345  and  0045  UT  are  the 
off  periods  of  WWV.  The  jumps  (i.  e.  ,  at  0010  UT)  are  due  to  synthesizer 
instabilities.  From  0035  to  0140  UT,  an  interesting  frequency  event 
occurs.  Two  modes  are  observed  which  show  a  decreasing  frequency 
separation  with  increasing  time.  At  0125  UT,  the  modes  are  not  sepa¬ 
rated,  and  by  0140  UT,  MUF  failure  at  15  MHz  occurs.  Chart  of  frequency 
shift  between  modes  versus  MUF  at  5  minute  intervals  is  listed  in  Table  2. 
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TABLE  2 


Time,  UT 

0035 

0040 

0045 

0100 

0105 

Freq.  separation 
between  modes,  Hz 

1.  7 

1.  5 

1.  4 

1.  0 

0.  8 

0.  6 

0.  5 

MUF,  MHz 

20 

20 

18.  5 

18 

B 

17 

16.  5 

0110 

0115 

0120 

0125 

0130 

0135 

0140 

After  0145 

m 

0.  4 

0.  25 

a 

0 

0 

0 

No  Propa¬ 
gation 

16.  2 

15.  5 

15.  4 

15.  3 

16.  0 

14 

14 

<  15  MHz 

From  the  Doppler  data  and  the  ionograms,  the  mode  splitting  appears  to 
be  due  to  high  and  low  ray  oblique  propagation.  The  two  modes  are  only 
observed  when  both  the  high  ray  aru  low  are  visible  at  1  5  MHz.  As  the 
IF  MUF  drops  below  15  MHz,  the  frequency  splitting  decreases  until  no 
separations  are  discernible  after  which  MUF  failure  occurs  (see  Figure 
6a  and  b).  The  fading  rate  of  the  amplitude  data  reflect  this  change  with 
very  high  fading  rates  apparent  at  the  larger  frequency  separation  and 
showing  decreases  in  the  fading  rate  as  the  mode  separation  decreases 
to  zero  (Figure  7a  and  b). 

Figure  6a  and  6b  shows  the  Boulder-University  of  Illinois  FM/CW 
oblique  ionograms.  One  ionogram  every  five  minutes  from  0015  to 
0140  UT.  There  were  two  transmitters  in  operation:  one  at  Boulder, 
Colorado,  the  other  at  San  Antonio,  Texas.  The  IF,  2F,  3F  traces  are 
from  the  Boulder  sounder  transmitter,  and  are  the  ones  we  are  interested 
in.  The  returns  in  some  areas  that  appear  strange  are  from  the  second 
* 

We  would  like  to  thank  SWRI  for  informing  us  of  their  operational 

schedule. 
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transmitter.  The  FM/CW  transmitter  at  Boulder  waa  swept  from 
2-30  MHz  at  100  kHz/ sec,  2  Watts  average  power.  The  vertical  lines 
on  each  ionogram  at  15  MHz  further  point  out  where  the  MUF  of  the  IF 
mode  is  with  respect  to  15  MHz.  Where  only  the  lower  vertical  line  is 
shown,  the  high  ray  cannot  be  seen  but  should  be  observable.  Figure  7a 
and  7b  shows  the  sum  beam  amplitude  is  from  0031  to  0150  UT.  A 
relative  amplitude  scale  is  indicated.  The  fading  rates  show  good  corre¬ 
lation  with  frequency  separation  of  the  propagating  signal. 

4.  0  STATISTICAL  ANALYSIS 

An  analysis  of  the  data  to  determine  the  dependence  of  Doppler 

shift  on  frequency  and  time-of-day  was  carried  out.  The  transmissions 

used  in  the  analysis  were  the  WWV  frequencies  of  5,  10,  and  15  MHz, 

with  10  and  15  MHz  typically  being  observed  during  the  day,  and  5  and 

10  MHz  during  the  night.  To  analyze  the  data,  the  diurnal  period  was 

divided  into  four  intervals  of  sunrise,  day,  sunset,  and  night.  The  iono- 

* 

spheric  sunrise  and  sunset  times  were  determined  for  a  100  km  height  at 
the  midpoint  of  the  propagation  path.  Sunrise  and  sunset  periods  were 
assumed  to  begin  30  minutes  prior  to,  and  continue  2  hours  after,  the 
computed  times. 

Each  hour  of  data  was  divided  into  six  ten-minute  sections,  and 
the  maximum  frequency  spread  for  each  section  determined.  The  fre¬ 
quency  spread  was  scaled  in  increments  of  0.  1  Hz.  Figures  8a,  8b,  9a, 
and  9b  indicate  the  Doppler  shift  as  a  function  of  frequency,  where  the 

sjc 

Obtained  from  NASA  Technical  Memorandum  X-1233:  "Computed  Times 
of  Sunrise  and  Sunset  in  the  Ionosphere.  " 
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ordinate  is  the  percent  of  the  total  number  of  10-minute  sections  with 
corresponding  Doppler  deviation  given  on  the  abscissa.  Doppler 
shift  as  a  function  of  time  of  day  is  indicated  in  Figures  10a,  10b,  and 
11.  Since  10  MHz  was  observed  during  all  four  of  the  periods,  Figure 
11  shows  the  statistics  for  a  complete  diurnal  period.  Figures  8a  and 
9a  indicate  that  for  frequencies  nearer  the  path  MUF,  the  Doppler  shifts 
are  greater.  During  sunrise  periods,  the  Doppler  shifts  observed  on 
the  5  and  10  MHz  transmissions  are  similar,  as  shown  in  Figure  8b 
with  somewhat  larger  shifts  seen  at  the  higher  frequency  due  to  the  MUF 
increasing  through  10  MHz  after  sunrise  (Figure  3).  Figure  9b  indicates 
a  similar  Doppler  shift  in  the  10  MHz  and  15  MHz  frequencies,  again 
with  greater  deviations  noted  in  the  higher  frequency,  caused  by  the 
decreasing  MUF  after  sunset.  In  the  majority  of  the  data  taken,  the  15 
MHz  underwent  MOF  failure  during  the  sunset  period.  Doppler  shifts 
observed  during  the  day  and  sunset  periods  for  15  MHz  are  shown  in 
Figure  10a,  where  the  sunset  period  experiences  larger  shifts  than  the 
day  periods.  The  Doppler  deviation  at  5  MHz  is  greater  during  sunrise 
than  at  night,  as  indicated  in  Figure  10b.  Figure  11  presents  Doppler 
statistics  for  a  complete  diurnal  period  at  10  MHz,  indicating  greatest 
Doppler  shifts  at  sunrise  followed  by  sunset,  night,  and  day.  The 
cumulative  distribution  for  the  10  MHz  diurnal  period  is  given  in  Figure  12. 

From  analysis  of  the  data,  it  is  seen  that  maximum  Doppler 
shifts  occur  during  sunrise  and  sunset  and  that  Doppler  deviations  during 
these  times  are  greater  for  frequencies  near  the  MUF. 
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Figure  10b.  Percentage  of  occurrence  of  Doppler  spread  within  0.  1  Hz 
interval  from  0-1.4  Hz  for  5  MHz  for  the  night  and  sunrise 
period. 

Figure  11.  Percentage  of  occurrence  of  Doppler  spread  within  0.  1  Hz 

intervals  from  0-1.  4  Hz  for  10  MHz  for  the  daytime,  sunset, 
night,  and  sunrise  periods. 

Figure  12.  Cumulative  distribution  for  the  data  described  in  Figure  11. 
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AZIMUTHAL  VARIATION  OF  MEASURED  HF  NOISE 


L.  M.  Posa,  Do  Jo  Materazzi  and  N.  C.  Gerson 
Department  of  Defense 

HF  noise  (2-8  MHz)  as  a  function  of  azimuth,  frequency  and  time  of  day  was 
measured  in  England  during  the  winter  of  1966-67.  For  a  given  frequency 
interval  eight  unequal  azimuthal  sectors  (with  5  sectors  between  45°-180°) 
were  sampled  each  four  hours  in  a  standardized  fashion.  Power  levels  for  the 
10th,  50th  and  90th  percentiles  were  derived  and  plotted.  The  results  provide 
the  integrated  total  external  noise  (both  local  and  propagated) .  In  addition 
to  the  well  known  distinctive  diurnal  and  frequency  changes,  a  marked  variation 
with  azimuth  is  present.  A  separate  examination  of  noise  intensities  measured 
simultaneously  from  several  azimuths  reveals  marked  differences  with  azimuth. 

The  investigation  indicates  that  noise  levels  as  a  function  of  azimuth  are  needed, 
and  are  the  ones  to  be  applied  to  practical  HF  systems. 
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I.  INTRODUCTION 


In  all  noise  measurement  techniques,  the  equipment  characteristics 
(e.g. ,  the  time  constant,  bandwidth,  and  circuitry  of  the  receiver-recorder) 
influence  the  recorded  intensities.  Similarly,  the  antenna  pattern  (e.g., 
vertical  and  azimuthal  lobe  structure)  determines  the  extent  of  the  total 
noise  environment  delivered  into  the  receiver.  In  this  connection  a  basic 
deficiency  in  past  observations  has  been  the  employment  of  an  omnidirectional 
antenna  which  superposed  noise  arriving  from  all  azimuths.  Since  noise  (either 
natural  or  man-made)  is  not  uniformly  or  isotropically  distributed  in  space,  the 
latter  procedure  can  provide  data  which  is  misleading  for  some  practical  systems. 
This  paper  is  concerned  only  with  the  azimuthal  variation  of  HF  noise. 

It  is  obvious  that  noise  as  a  function  of  azimuth  is  a  basic  and  useful 
parameter.  Many  HF  systems  employ  highly  directive  antenna  arrays  beamed  to 
particular  orientations.  If  the  noise  density  were  uniformly  distributed  through¬ 
out  the  vertical  hemisphere  tangent  to  the  ground  at  the  antenna  point,  any 
decrease  in  antenna  beamwidth  would  be  compensated  by  an  increase  in  gain,  thus 
introducing  the  same  noise  power  into  the  receiver.  When  discrete  and  distributed 
noise  sources  are  present,  the  noise  magnitude  is  no  longer  independent  of 
antenna  beamwidith  or  of  antenna  orientation.  Indeed  changing  the  beamwidth  or 
the  direction  will  exclude  discrete  noise  sources. 

On  the  earth,  noise  is  mainly  generated  within  given  areas  and  propagates 
to  the  receiving  site  within  particular  sectors.  Examples  of  large  distributed 
sources  are  the  three  semi-permanent  natural  noise  centers  located  along  the 
equator  at  Brazil,  central  Africa  and  the  East  Indies  (see  Figure  1) .  Man-made 
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noise  arises  fran  the  trappings  of  an  industrial  civilization;  it  also  is 
confined  to  specific  geographic  areas.  The  long  term  noise  output  from  the 
terrestrial  natural  sources  may  be  considered  to  be  essentially  constant 
with  character l Stic  diurnal  and  annual  variations  (CCIR,  1963) 

In  addition  to  noise  arising  from  the  three  semi -permanent  sources  a 
strong  origin  is  found  in  the  Northern  Hemisphere.  For  example:  Over  North 
America  thunderstorm  activity  moves  northward  from  the  Gulf  Coast  like  a 
tide  (to  about  50°N)  from  spring  to  late  surmer.  It  then  recedes  to  the  Gulf 
of  Mexico.  Contributions  from  both  sources  cause  natural  noise  (as 
measured  in  North  America)  to  maximize  during  surmer.  The  received  noise 
also  varies  because  of  propagational  factors  (Gerson,  1964) 

Man-made  noise  likewise  displays  its  peculiar  diurnal  and  azimuthal 
variations o  Hie  major  sources  are  the  industrial  areas  of  the  globe.  Thus, 
a  site  in  Ireland  would  measure  more  man-made  noise  to  the  east  (toward 
Europe)  then  to  the  West  (toward  the  Atlantic) .  The  temporal  characteristics 
of  man-made  noise  are  related  to  the  human  work  day,  work  week  and  time  zone 
of  the  source  region. 

The  above  illustrations  clearly  reveal  that  terrestrial  noise  originates 
in  particular  areas  and  that  the  output  varies  with  time.  A  realistic  noise 
measurement  program  must  determine  the  noise  anisotropy  with  respect  to  the 
operational  site.  Otherwise  noise  may  not  be  related  to  practical  HF  systems. 
Most  noise  observations  have  been  collected  with  vertical  omnidirectional 
antennas.  Contrarily,  most  existing  HF  systems  employ  directive  antennas. 

To  provide  information  useful  in  designing  and  operating  these  systems, 
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statistics  on  the  spatial  distribution  of  the  incident  noise  energy  is  needed. 

At  operational  or  experimental  stations,  the  introduction  of  unwanted 
man-made  noise  or  interference  through  the  side  lobes  may  cause  considerable 
system  degradation?  a  factor  sometimes  forgotten. 

This  paper  presents  some  measured  results  on  the  azimuthal  variation  of 
noise. 

II.  EXPERIMENTAL  DETAILS 

HF  noise  was  recorded  in  Southern  England  between  December  1966  - 
February  1967  (see  Figure  2)  employing  a  digitally  tuned  HF  receiver  with  a 
bandwidth  of  100  Hz.  For  a  given  azimuth  and  frequency  the  AGC  output  was 
sampled  every  70  millisec  during  a  16.8  second  period,  thus  providing  a  total 
of  240  saiples.  The  frequency  intervals  sampled  were  one  MHz  in  width;  only 
four  (i.e. ,  2-3  MHz,  4-5  MHz,  6-7  MHz  and  8-9  MHz)  are  discussed  here. 
Observations  were  not  necessarily  distributed  uniformly  within  any  given 
frequency  band;  rather  they  were  recorded  in  a  signal  free  region  within  the 
band.  The  frequency  bands  were  sanpled  sequentially.  During  the  observations 
the  audio  output  was  continuously  monitored  to  insure  that  the  measurements 
were  being  obtained  in  a  noise  free  region  of  the  band. 

Equipment  and  experimental  details  are  listed  in  Table  I.  Eight 
unequal  azimuthal  sectors  were  examined  utilizing  a  sliding  azimuthal  sampling 
procedure;  e.g. ,  0°-44°  on  the  first  day;  45°-67.4°  on  the  second  day;  etc. 

Any  instances  of  interference  were  noted  and  eliminated  from  the  subsequent 
analysis.  The  data  were  digitized  and  stored  on  magnetic  tape.  Prior  to 
initiating  the  measurements,  each  sanpled  AGC  voltage  was  referenced  to  an 
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TABLE  I 


EQUIPMENT  AND  EXPERIMENTAL  DETAILS 


Receiver 

Measurement  Bandwidth 
Frequency  Intervals 
Observation  Hours 
Azimuthal  Sectors 

Sampling  Interval 
Tbtal  Samples 

Antenna  Type 


Three  digitally  tuned  HF  receivers 
100  Hz 

2-3?  4-5?  6-7?  8-9  MHz 

0030,  0430,  0830,  1230,  1630,  2030  UT 

0-44°,  45-67.4°,  67.5-89°,  90-112.4°, 

112.5°-134°,  135-180°,  180-269°,  270-359°. 

16.8  secs  with  sanples  every  70  msec 

240 

Circular  Disposed  Antenna  Array 
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equivalent  rms  sinusoid  at  the  receiver  input. 

The  calibration  process  involved  sixteen  10  db  steps.  All  noise  recordings 
were  corrected  by  the  calibrations  using  linear  interpolations  in  frequency 
and  voltage.  In  the  statistical  analysis,  power  levels  for  the  10th,  50th  and 
90th  percentiles  were  derived  and  plotted.  In  a  separate  study  simultaneous 
noise  intensities  at  various  azimuths  (as  obtained  in  a  series  of  20 
millisec  samples)  were  recorded. 

The  choice  of  a  central  tendency  was  carefully  considered.  Whenever  a 
distribution  contains  a  number  of  randomly  distributed,  extremely  high  values, 
the  arithmetic  mean,  while  mathematically  proper,  has  severe  limitations.  It 
is  greatly  influenced  by  the  extreme  values  of  a  distribution  whereas  the 
median  is  little  affected  Although  not  as  mathematically  precise  as  the 
mean,  the  median  can  be  much  more  representative.  It  is  often  employed  in 
suimarizing  many  types  of  geophysical  observations,  and  in  other  instances 
when  a  few  extreme  values  are  injected  into  the  data. 

An  example  of  the  noise  levels,  in  terms  of  both  the  median  and  mean, 
obtained  from  the  same  short  term  sample  is  depicted  in  Figure  3.  For  the 
data  obtained  during  this  period  the  median  provided  a  more  consistent  and 
reproducible  central  tendency  than  did  the  arithmetic  mean.  In  short,  as  with 
ionospheric  and  similar  data,  the  median  provides  a  more  meaningful  measure 
of  central  tendency  Median  values  will  be  erployed  in  this  paper. 

III.  SHORT  TERM  VARIATIONS 

As  is  well  known,  the  ambient  noise  pcwer  displays  a  high  degree  of 

variability  especially  over  relatively  short  time  periods.  During  this 
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experiment  simultaneous  measurements  revealed  that  instantaneous  and  median 
values  differ  along  distinct  azimuthal  sectors.  This  sharp  variability  from 
one  sector  to  another  indicates  a  high  lack  of  correlation  among  noise 
propagating  over  different  azimuthal  sectors. 

A  portion  of  the  results  is  tabulated  in  Table  II.  Sanples  were  obtained 
every  20  ms.  Figure  3  indicates  that  although  marked  short  term  fluctuations 
are  present,  a  useful  central  tendency  is  represented  by  the  median. 

IV.  AZIMLTTHAL  VARIATIONS 

Figures  4-7  represent  the  azimuthal  and  temporal  variations  of  median  noise 
intensities  for  the  one  MHz  frequency  intervals  beginning  at  2,  4,  6  and 
8  MHz,  respectively,  during  the  winter  of  1966-67.  Large  differences  in 
intensity  along  particular  azimuthal  sectors  are  evident.  Further,  the  time 
variation  of  noise  within  given  sectors  is  not  the  same. 

The  data  reveal  that  at  the  lower  frequencies  examined,  highest  intensities 
occur  at  night  and  lowest  during  daylight.  The  reverse  condition  is  found  for 
the  higher  frequencies. 

V.  TERRESTRIAL  NATURAL  NOISE  MODEL 

Since  the  major  source  of  atmospheric  noise  arises  from  thunderstorms, 
a  model  may  be  developed  based  upon  (a)  the  diurnal  variation  of  thunderstorm 
activity  over  the  globe  and  (b)  the  diurnal  variation  in  radio  wave  propagation 
characteristics  from  the  noise  source  to  the  receiver.  This  model  was  first 
presented  by  Materazzi  (1968) .  The  model  considers  only  natural  noise  emitted 
within  4200  km  of  the  antenna. 

The  temporal  variations  of  noise  may  be  clarified  by  considering  the  changes 
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AZIMUTH  (DEGREES) 


6-7  MHz 


with  time  in  (a)  the  number  of  noise  emissions,  (b)  the  location  of  the  sources 
and  (c)  the  propagation  characteristics  of  the  ionosphere.  The  general 
behavior  of  the  ionosphere  is  such  as  to  favor  propagation  of  the  lower 
frequencies  t  <  8  MHz)  over  nocturnal  pat) is,  and  of  the  higher  frequencies 
(  >  15  MHz/  over  daytime  paths.  This  selectivity  results  from  the  greater 
absorption  of  the  lower  frequencies  in  the  sunlit  ionosphere  and  the  lack  of 
support  of  the  higher  frequencies  by  the  dark  ionosphere.  Diumally,  the 
radiated  output  of  the  semi-permanent  noise  sources  maximizes  in  late  after¬ 
noon  and  minimizes  between  0200-0600,  LST.  The  behavior  stems  directly  from 
the  diurnal  variation  in  thunderstorm  activity  (see  Figure  1) .  It  is  assumed 
that  the  spectral  power  density  of  the  noise  output  is  constant.  Although  the 
observations  were  made  in  winter,  continental  thunderstorm  activity  at  lower 
latitudes  of  Europe  constituted  another,  but  rather  minor,  source  of  natural 
noise. 

For  the  computations ,  the  area  within  4200  km  of  the  receiving  site  was 
divided  into  equal  angular  sectors  of  fixed  range;  i.e. ,  Ar-A8  sectors  where 
4  r  *  700km  andAO  ■  22.5°,  as  measured  from  the  receiving  antenna.  This 
division  provided  16  azimuthal  sectors  beginning  at  0°  and  6  annuli  each 
700  km  in  thickness.  The  corresponding  ground  locations  of  each  a  r-  as 
segment  were  obtained  from  the  usual  equations  of  spherical  trigonometry,  and 
plotted  on  the  set  of  hourly  maps  of  thunderstorm  activity. 

The  relative  power  emitted  from  any  given  A  r  -  A0  segment  was  assured 
to  be  proportional  to  the  thunderstorm  activity  within  the  area;  i.e. , 

N±  -  a  /  pi  dSi  (1) 
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where 


■  noise  power  emitted  from  area 
Pi  ■  probability  of  thunderstorm  occurence  within  the  area  Si 
/dS^  ■  //  dr^dQi  ■  elemental  area  contained  with  Ae^ 

and,  a  ■  constant  of  proportionality. 

The  value  (api)  was  scaled  directly  from  the  world  maps  of  thunderstorm 
activity  (e.g. ,  see  figure  1)  for  each  hour  of  the  day. 

The  ITS  Ionospheric  Prediction  Program  was  utilized  to  compute  the  path 
loss  (for  the  frequencies  of  interest)  from  the  center  of  the  segment  Ar^  A 
to  the  receiver.  The  power  arriving  from  each  segment  within  a  given 
azimuthal  sector  was  sunned  to  provide  the  relative  noise  power  for  that 
sector.  The  predicted  noise  as  a  function  of  frequency,  hour  and  azimuth  is 
shown  in  Figures  8-11.  It  displays  distinct  diurnal  and  azimuthal  varia¬ 
tions. 

The  Figures  reveal  that  for  a  given  frequency  the  azimuth  of  peak 
intensity  shifts  with  time  of  day.  Since  both  thunderstorm  activity  and  the 
frequency  support  of  the  ionosphere  vary  with  hour,  this  result  is  not 
suprising.  The  highest  amplitude  tends  to  shift  clockwise  with  hour,  and  the 
extent  of  the  azimuthal  differences  in  intensity  increases  with  frequency. 

As  noted  above,  the  diurnal  noise  variation  for  the  lower  and  higher  frequencies 
is  out  of  phase. 

VI.  COMPARISON:  MEASUREMENTS  VS  MODEL 

A  comparison  of  the  measured  and  calculated  results  may  be  undertaken  by 
comparing  Figures  4  and  8,  5  and  9,  etc.  For  the  lower  frequencies  lowest 
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AZIMUTH  (DC GHEES) 


6-7  MHz 


AZIMUTH  ( 


(NM)  3 SION 


AZIMUTH  (  DEGREES) 


amplitudes  occur,  as  expected,  during  midday  and  highest  during  darkness 

(2030-0030  UT).  In  general,  for  a  given  frequency  a  shift  in  peak  amplitude 
occurs  with  azimuth,  but  the  shift  is  more  clearly  defined  in  the  calculated 
than  measured  curves.  The  range  of  amplitudes  in  the  observed  data  exceeds 

that  found  for  the  model. 

The  discrepancy  between  the  measured  and  calculated  values  may  arise  from 
several  sources.  For  example,  the  model  was  based  on  long  term  averages  of 
thunderstorm  activity,  whereas  during  any  particular  month  or  day  wide  departures 
front  the  average  may  occur.  The  possibility  of  local  thunderstorms  in  winter  is 
sanll,  but  nontheless  seme  may  have  been  present  within  4200  km  of  the  receiv 
ing  site.  A  strong  possible  source  for  the  disagreement  may  arise  from  the 
neglect  of  man-made  noise.  The  extent  of  this  source  may  be  visualized  by 
examining  Figure  12,  which  indicates  the  population  density  over  Europe.  To  a 

first  approximation  the  industrial  growth  of  Europe  may  be  considered  to  be 
directly  related  to  the  population  density. 

A  factor  of  importance,  which  may  be  appreciable  on  some  occasions,  is 
the  entry  of  noise  into  the  receiving  system  through  an  antenna  side  lobe. 

Thus,  a  local  storm,  local  man-made  noise  or  propagated  man-made  noise  occurring 
within  a  given  sector  may  greatly  increase  the  noise  input  into  the  receiver. 

It  is  believed  that  all  the  above  factors  in  combination  contributed  to  the 
disagreement  between  the  predicted  and  observed  azimuthal  noise  distributions. 

On  an  overall  basis  the  calculated  results  compare  favorably  with  the 
experimental  data  during  darkness  and  at  the  lower  frequencies.  Less  favorable 
agreement  is  found  at  the  higher  frequencies. 

VII.  EFFECT  OF  ANTENNA 

It  should  be  noted  that  the  azimuthal  distribution  of  noise  as  measured  has 
been  influenced  by  the  antenna  pattern.  The  antenna  utilized  in  the  measurement. 
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FIGURE  12 


*  m* « 


i' 

was  a  Circular  Disposed  Antenna  Array  whose  formed  beams  can  be  approximated  by 
a  (sinx)  A  pattern.  This  effect  should  be  considered  more  carefully,  especially 
since  all -data  were  obtained  by  sampling  the  incident  noise  with  this  formed 
beam.  In  essence,  to  properly  assess  the  true  external  azimuthal  distribution 
of  noise  the  smoothing  effects  of  the  antenna  must  be  considered.  Discussions 
on  the  theory  and  effects  of  antenna  smoothing  can  be  found  in  the  literature 
particularly  those  on  radio  astronomy  (Pawsey  -  Braoewell,  1955) 

The  incident  noise  distribution  may  be  approximated  as  follows.  Assure 
that  the  measurement  of  the  external  noise  may  be  described  as, 

P («,0)  -  d/b )//  h(5J)  n  <9,5;0,?)  dS  dfr  (2) 

where 

9  ■  azimuth 

0  «  elevation 

n(9,0)  *  desired  input  spatial  distribution  of  noise  .  The  latter 

is  assured  to  be  convolved  with  the  spatial  filter  h(0,0)  to  yield  the 
measured  response  P(0,0). 

For  the  present  discussion  the  above  equation  will  be  examined  in  terms  of 
a  simple  one  dimensional  azimuthal  model.  The  azimuthal  variation  will  be 
considered  to  be  periodic  in  2w  and  the  vertical  variation  of  noise  to  be 
uniformly  distributed.  The  spatial  filter  may  be  a  (sinx)/x  function,  or 
may  be  a  series  of  arbitrary  step  functions  which  may  be  considered  to 
approximate  the  antenna  lobe  pattern.  Under  these  conditions  equation  (2) 
becomes: 

P<0)  -  /  h<5)  n(0  -  9)  d9  (3) 

2G 
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If  equation  (3)  can  be  written  aa  a  Fourier  Series: 


P(«)  *  C  +  E 

(Ch  cos  n0  +  dn  sin  n9) 

(4) 

n-l 

m 

n(«)  -  Gq  +  E 

(a^  oos  mO  4  sin  m0) 

(5) 

m-1 

• 

h(9)  -  eu  +  E 

6g  oos  qS 
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q-1 

Assume  further  that  h(S)  is  symmetrical.  Insert  equations  (5)  and  (6)  into 
equation  (3) ,  yielding 


P(«> 
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Performing  the  integration  gives 


P(8)  -  2we  a~  +  »E  (e^a-  oos  n®  +  ejt>  sin  n«) . 

°  n-l  n "  (7) 

Equating  equation  (7)  to  equation  (4)  and  equating  coefficients  yields: 

*o  *  C(/2™o'  (8) 
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Inserting  the  coefficients  given  in  (8)  into  equation  (5)  provides  a 
Fourier  Series  representation  of  the  desired  distribution  n(8) .  It  should  be 
noted  that  this  representation  is  not  unique  and  that  the  procedure  is  valid 
only  for  those  values  of  e,*  ■  d.  lhis  is  analogous  to  the  response  of  a  low 
pass  filter  in  which  an  infinite  nunber  of  inputs  having  frequency  components 
greater  than  the  cutoff  frequency  of  the  filter  can  yield  the  sane  response 
(Pawsey  and  Braoewell,  1955) 

VIII.  CONCLUSIONS 

All  useful  reception  depends  upon  the  value  of  the  ratio  signal/noise. 

Since  the  incident  noise  intensity  varies  spatially,  the  magnitude  of  the  ratio 
may  be  increased  by  a  suitable  choice  of  receiving  site  vis-a-vis  a  given 
transmitter,  other  factors  remaining  equal. 
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9.2  Unusual  Radio  Noise  Sources  in 
Direction  Finding  and  High  Frequency  Receiving  Systems 

Calvin  R.  Graf 
USAF  SS 

San  Antonio,  Texas 

Abstract 

Radiation  from  high  power  HF  transmitters  can  be  reradiated  as  noise 
due  to  diode  rectifier  action  in  lossy  grounds  or  loose  connections  of  a 
receiving  or  direction  finding  antenna  system.  Reradiation  of  strong 
signals  as  noise  from  lossy  metallic  objects  due  to  diode  action  is  believed 
to  take  place  in  most  transmitting  and  receiving  systems  throughout  the  world. 
In  sensitive  HF  receiving  systems,  this  reradiated  noise  may  actually  limit 
the  small  signal  sensitivity  level,  especially  during  the  daytime  hours  when 
atmospheric  noise  levels  are  at  a  minimum.  Unintended,  spurious  emissions 
from  many  HF  stations,  which  raise  the  noise  floor  level,  are  discussed. 

An  audio  tape  recording  of  representative  types  of  signals  and  noise  will 
be  played. 


AZIMUTHAL  DISTRIBUTION  AND  CHARACTERISTIC 
PROPERTIES  OF  AMBIENT  NOISE  AT  HF 


A.  S.  Weeks* 

AVCO  SYSTEMS  DIVISION 
Lowell,  Massachusetts  01851 


ABSTRACT 

Azimuthal  measurements  of  noise  in  the  HF  band  have 
been  conducted  using  the  Wullenweber  array  at  the  University 
of  Illinois.  The  data  has  been  analyzed  to  illustrate  the  following; 
the  amplitude  distribution  as  a  function  of  direction,  the  effect 
of  averaging  the  data,  and  the  amplitude  variation  as  a  function 
of  time.  The  effects  of  the  ionosphere  on  HF  propagation  have 
been  employed  to  explain  both  temporal  and  spatial  variations  in 
the  noise  data. 


*Formerly  with  the  University  of  Illinois  Radiolocation  Research 
Laboratory,  Urbana,  Illinois 


1.0  INTRODUCTION 


This  paper  reports  on  preliminary  efforts  to  use  a  Wullenweber 
array  in  a  study  of  the  directional  characteristics  of  received  noise 
in  the  HF  band.  The  work  was  done  at  the  University  of  Illinois.  A 
limited  amount  of  data  has  been  analyzed  to  show  the  importance  of 
investigating  azimuthal  properties  of  the  noise  and  to  account  for  certain 
variations  of  the  data  as  a  function  of  time  and/ or  direction. 


Investigations  of  noise  in  the  HF  band  have  been  conducted  for 
some  time.  The  most  notable  being  work  done  by  W.  Crichlow  and 
R.  Disney  who  reported  their  findings  in  CCIR322.  Equipment  con¬ 


straints  and  lack  of  a  real  need  for  directional  studies  have  led  previous 
investigators  to  make  omnidirectional  measurements  (as  was  the  study 

ending  in  CCIR322).  Omnidirectional  measurements,  by  their  nature, 

r  _  '  1 

integrate  over  any  directional  effects  tending  to  eliminate  them.  Also, 

'  /iiricf.  ,  “  ‘  1  ’  'ice  ,M 

it  has  been  the  practice  of  most  investigations  to  use  time  averaging 
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techniques  further  reducing  the  effect  of  directional  properties.  The 
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application  of  the  results  of  a  study  such  as  CCIR322  in  designing  HF 

,1  :  .  , 

communications  systems  seem  to  be  adequate.  It  is  the  purpose  of  this 

t  C‘d  f  r  elite  r  ^  '  <■ 

study  to  show  that  for  HF  systems  using  highly  directional  antennas, 
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measurements  of  the  azimuthal  characteristics  of  noise  are  required 
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to  fully  understand  the  interaction  between  noise  and  the  HF  system. 
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The  purpose  of  this  paper  is  to  illustrate  the  nature  of  the  noise  on  an 

'ifij, 

azimuthal  basis  and  to  compare  the  results  of  averaging  the  data  and 


the  results  before  averaging. 
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2.  0  DATA  ACQUISITION 


To  measure  background  noise,  time  and  frequency  slots  in  the  high 
frequency  spectrum  had  to  be  found  that  did  not  contain  transmitted 
signals.  This  could  be  done  for  short  periods  and  only  with  an  observer 
available.  But,  with  the  volume  of  data  needed,  this  was  not  practical. 

An  obvious  solution  was  to  conduct  the  experiment  on  an  automatic  basis 
in  slots  of  the  spectrum  that  were  reliably  free  of  transmitted  signals. 

The  WWV  transmissions  on  5,  10,  15  and  20  MHz  are  off  four  minutes 
each  hour  beginning  at  45:15  after  the  hour.  Using  the  guard  bands  and 
off  times  of  WWV  noise  measurements  were  made  in  twelve  sectors 
spaced  30°  apart  and  each  sector  sampled  for  sixteen  seconds.  The 
sector  width  is  determined  by  the  3db  beamwidth  of  the  array.  For  the 
frequencies  of  interest  here,  this  is  approximately  6-8  degrees.  Figure 
1  is  a  block  diagram  of  the  data  collection  system.  Digital  conversion  of 
the  data  was  performed  and  computer  methods  used  to  analyze  and  reduce 
the  data. 

The  frequency  used  in  the  experimental  results  presented  in  this 
paper  was  10.004  MHz  and  the  time  was  from  1645  (CST)  11  December 
1?70  to  0745  on  13  December  1970. 

3.  0  DATA  ANALYSIS 

The  average  noise  amplitude  was  determined  from  the  data  collected 
for  each  hour.  Following  the  lines  of  previous  investigators  the  data  were 
grouped  into  six  time  blocks  per  diurnal  period  and  a  composite  average 
over  two  diurnal  periods  for  each  block  was  obtained.  The  results  are 
given  in  Figure  2.  Note  that  the  azimuthal  distribution  of  the  amplitude 


does  not  vary  significant! /  by  more  than  6  db.  This  6  db  figure  was 
predicted  by  CCIR322.  Figure  3a  and  3b  present  the  hourly  distribu¬ 
tion  of  noise.  The  average  hourly  value  for  each  sector  has  been  plotted 
versus  the  corresponding  sector.  From  these  it  can  be  seen  that  the 
variation  in  amplitude  is  significantly  greater  than  what  would  be  ex¬ 
pected  from  average  values. 

Figure  4  is  a  plot  of  the  average  amplitude  versus  time.  Varia¬ 
tions  in  the  hourly  amplitudes  require  a  departure  from  the  usual 
averaging  techniques  and  to  consider  the  amplitude  on  an  instantaneous 
basis  to  explain  the  characteristic  seen  in  Figure  4.  Since  the  noise  may 
cf  me  from  any  part  of  the  sector  being  observed,  consider  the  noise 
sources  as  being  distributed  throughout  the  sector.  If  the  noise  sources 
are  uncorrelated  the  amplitude  observed  will  be  the  sum  of  the  amplitude 
of  the  individual  sources.  Therefore,  a  decrease  in  the  measured  noise 
amplitude  may  be  the  result  of  a  decrease  in  sources  (i.  e. ,  thunder¬ 
storms)  or  the  result  of  the  ionosphere  no  longer  supporting  propagation 
from  part  of  the  sector.  The  question  of  which  of  the  two  choices  is 
correct  is  a  fundamental  one  if  a  predictive  model  of  expected  noise  for 
a  sector  is  to  be  generated.  The  latter  choice  was  pursued  in  further 
analysis  of  the  data.  In  this  pursuit  skip  distance,  MUF(  and  absorption 
effects  were  considered  in  an  effort  to  determine  if  areas  of  the  sector 
under  observation  were  not  able  to  contribute  to  the  recorded  noise  level. 

The  analysis  considered  each  sector  as  encompassing  an  area 


determined  by  the  beamwidth  mentioned  above  and  having  an  8000  km 
two  hop  length.  Using  the  ESSA  predicted  mean  value  of  MUF  for  a  4000 
km  path  during  December  1970,  the  minimum  MUF  for  each  sector  was 
determined  at  two  hour  intervals  and  plotted  on  the  same  time  scale  as  the 
average  hourly  noise  amplitude.  Also,  using  vertical  ionograms  made 
at  the  receiver  site  during  the  time  of  the  experiment  and  assuming  a 
plane  earth  plane  ionosphere  approximation,  the  skip  distance  was  deter¬ 
mined  as  a  function  of  time  and  plotted  on  the  same  scale  as  the  average 
amplitude  and  minimum  MUF.  Figure  5  gives  the  results  for  four  of 
the  twelve  sectors.  The  decrease  in  noise  amplitude  at  approximately 
2300  is  seen  to  correspond  to  periods  when  the  minimum  MUF  iB  at 
or  below  10  MHz.  That  the  curves  do  not  match  exactly  may  be  the 
result  of  using  median  values  rathen  than  actual  values  of  the  minimum 
MUF.  This  decrease  in  amplitude  is  characteristic  of  all  twelve  sectors 
as  shown  in  Figure  4.  The  skip  distance  effect  can  be  seen  in  Figure  5 
as  a  continued  decrease  in  noise  amplitude  after  the  minimum  MUF  has 
increased  above  10MHz  near  0300,  13  December  in  sectors  1  and  4.  Sectors 
7  and  10  indicate  that  an  increase  in  skip  distance  does  not  cause  a  cor¬ 
responding  decrease  in  amplitude,  possibly  due  to  the  major  sources 
being  located  outside  of  the  skip  distance.  All  of  the  sectors  indicate 
no  relationship  between  skip  distance  and  amplitude  on  December  12. 

This  may  be  the  result  of  a  local  disturbance.  The  significant  decrease 
in  noise  during  the  day  can  be  attributed  to  non-deviative  absorption  in 
the  D  layer.  Careful  analysis  of  Figure  4  indicates  a  more  rapid  decrease 


in  amplitude  for  sectors  to  the  sunrise  side  of  the  receiving  site  than  for 
sectors  180  degrees  away.  Recombination  in  the  D  region  is  rapid, 
therefore,  the  ionization  density  and  the  resulting  absorption  varies  in 
synchronism  with  the  elevation  of  the  sun. 

In  the  preceding  analysis  only  ionospheric  effects  were  considered 
in  explaining  the  variations  in  noise  level  as  a  function  of  time.  A  com¬ 
plete  analysis  of  the  noise  data  would  require  a  knowledge  of  source 
variation  with  time  and  direction.  Figures  3a  and  3b  indicate  significant 
difference  in  noise  amplitude  for  the  early  evening  hours  of  1 1  December 
and  late  morning  hours  of  12  December  and  to  a  lesser  extreme  in  the 
evening  hours  of  12  December  and  morning  hours  of  13  December.  The 
reason  for  this  may  be  ionospheric  effects  and/or  source  conditions. 

For  a  complete  understanding  of  the  noise  characteristics  both  will  have  to 
be  considered. 

4.0  SUMMARY 

For  the  limited  amount  of  data  analyzed  here  averaging  techniques 
are  not  sufficient  to  allow  an  understanding  of  the  noise  properties.  It 
is  realized  that  with  the  analysis  of  a  larger  amount  of  data  the  charac¬ 
teristics  of  the  noise  may  become  more  evident.  The  results  of  this 
analysis  indicate  a  dependency  on  ionosphere  conditions. 

In  designing  HF  communication  system  using  directive  antennas 
either  an  actual  knowledge  of  the  noise  environment  at  the  site  is 
needed  or  some  predictive  model  be  employed  to  determine  the  design 


constraints.  Further,  if  the  system  already  exists,  then  it  may  be 
desirable  to  make  short-term  predictions  of  direction  and  times  for 
optimum  efficiency.  From  the  limited  amount  of  data  analyzed  here,  it 
seems  evident  that  a  thorough  knowledge  of  noise  sources  and  ionospheric 
effects  are  required  for  a  predictive  model.  For  short-term  predictions 
(hours)  knowledge  of  the  ionosphere  may  be  sufficient  while  for  long-term 
predictions  (months)  knowledge  of  source  variations  and  ionosphere  cha¬ 


racteristic  may  be  required. 
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History  of  Solar  Monitoring  at  the  Naval  Research  Laboratory 


The  solar  monitoring  program  (SOLRAD)  at  the  Naval  Research 
Laboratory  has  developed  as  an  outgrowth  of  studies  of  the  upper  air 
begun  at  NRL  in  1946  when  V-2  rockets  were  first  made  available  for 
high  atmosphere  investigations.  Measurements  were  made  of  the  radi¬ 
ation  incident  on  the  upper  air  that  could  not  be  studied  from  below  the 
earth1  s  absorbing  atmosphere.  By  recording  the  solar  spectrum  below 
the  ozone  cut-off  of  3000A  the  sun  was  shown  by  1949  to  be  an  emitter  of 
energy  in  the  far-ultraviolet  and  X-ray  wavelengths. 

During  the  1950' s,  continued  studies  with  rocket-borne  sensors 
showed  that  the  intensity  of  solar  X-ray  activity  varied  with  the  solar 
cycle.  In  1956  a  rocket  flight  during  a  solar  flare  found  that  X-rays 
were  enhanced  rather  than  ultraviolet.  Because  rocket  flights  have  a 
useful  trajectory  of  only  a  few  minutes  duration,  a  satellite  solar  moni¬ 
toring  program,  under  the  sponsorship  of  the  Naval  Air  Systems 
Command,  was  begun  in  I960  with  the  launching  of  SOLRAD  I,  Fig.  1. 
Although  data  could  be  obtained  only  when  the  satellite  was  in  range  of 
the  ground  station,  several  flares  were  observed.  Data  recorded  on 
6  August  I960,  shown  in  Fig.  2,  resulted  from  a  bright  limb  flare  on 
the  sun  and  indicates  a  strong  increase  in  X-ray  radiation  at  1510Z  in 
coincidence  witn  optical  observations.  The  ultraviolet  flux,  however, 
remains  almost  constant.  Although  the  event  was  only  a  Class  1  flare, 
the  X-rays  were  intense  enough  to  produce  a  short  wave  radio  fade  out. 
SOLRAD  I  showed  clearly  that  X-rays  and  not  ultraviolet  radiation  were 
the  cause  of  geophysically  significant  solar  flare  effects  on  earth. 

Subsequently,  seven  improved  SOLRAD  satellites  have  been  built 
and  orbited  at  300  to  500  nautical  mile  altitudes  with  additional  detectors, 
orbital  memory,  and  command  and  automatic  control  of  the  orientation  of 
the  spacecraft  spin  axis. 


Current  Operations 

The  SOLRAD  9  Satellite,  Fig.  3,  was  launched  in  March,  1968  into 
a  270  by  420  n.  mi.  orbit  carrying  X-ray  detectors  measuring  0.  1  to  60A 
in  five  bands  and  ultraviolet  emission  from  1080  to  1  350A  in  two  bands. 
The  satellite,  spinning  at  60  rpm,  maintains  its  spin  axis  perpendicular 
to  the  sun  line  to  keep  the  sun  in  the  plane  of  the  detectors  which  are 
mounted  in  the  equatorial  section  of  the  satellite.  Each  detector  mea¬ 
sures  the  incident,  solar  radiation  in  sequence  once  a  second  as  it  scans 
the  sun.  The  data  are  broadcast  immediately  and  continuously  over  two 
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136  MHz  FM/AM  telemetry  systems.  In  addition,  the  readings  of  three, 
standard  X-ray  sensors  are  stored  once  a  minute  in  the  satellite  on-board 
storage  system.  The  satellite  memory  has  a  capacity  to  store  data  over 
a  14-hour  period. 

The  satellite  passes  over  the  NRL  Satellite  Tracking  Facility  at 
Blossom  Point,  Maryland,  as  shown  in  Fig.  4,  three  to  eight  times  a 
day.  The  ten  to  fifteen  minute  transmission  from  each  pass  is  recorded 
and  relayed  in  real-rime  over  telephone  lines  to  the  SOLRAD  Data  Oper¬ 
ations  Center  at  NRL  where  the  decommutated  data  are  displayed  on 
moving  chart  recorders.  Operators  convert  the  telemetry  signals  to 
flux  units  in  ergs/cm^/sec. ,  prepare  a  computer-coded  paper  tape 
message  representing  the  average  value  of  the  radiation  levels  of  the 
various  sensors,  and  release  the  data  to  the  USAF  Astrogeophysical 
Teletype  Network  (formerly,  SOFNET)  approximately  five  minutes  after 
the  end  of  the  pass.  Whenever  the  real-time  X-ray  data  exceed  an 
established  level,  a  standard  flare  warning  teletype  message  is  released 
immediately.  The  primary  customers  for  this  real-time  data  are  the 
USAF  Aerospace  Environmental  Support  Center  (AESC)  at  NORAD, 
Cheyenne  Mountain  Complex  and  the  NOAA  Space  Environment  Forecast 
Center  (SEFC)  at  Boulder,  Colorado.  Twice  a  day  the  satellite  tracking 
station  commands  the  satellite  PCM  telemetry  system  to  "dump"  the 
contents  of  the  on-board  memory.  The  data  are  formatted  and  processed 
by  an  off-line  computer  to  produce  a  minute  -by-minute  printout  and  plot 
of  the  0.5-3,  1-8,  and  8-20A  X-ray  sensors.  These  plots  are  produced 
in  about  one  hour  for  routine  transmission  by  facsimile  to  the  SEFC  at 
Boulder  and  relay  to  the  AESC  at  NORAD.  The  plots  are  also  reformatted 
by  NRL  to  span  0-24  hours  UT  and  ure  sent  to  Boulder  for  inclusion  in 
the  World  Data  Center  records.  SOLRAD  9  data  are  also  included  in  the 
monthly  NOAA  publication,  "Solar-Geophysical  Data". 

A  statistical  study  of  the  frequency  of  solar  X-ray  and  optical  flares 
has  been  conducted  at  NRL  and  indices  of  X-ray  activity  have  been  estab¬ 
lished  for  the  prediction  of  four  to  five-day  periods  of  solar  activity  that 
may  result  in  disturbances  to  high  frequency  radio  communication.  The 
probability  of  solar  X-ray  flares  occurring  will  be  four  times  greater 
when  the  indices  of  solar  X-rays  activity  are  met  than  when  they  are  not. 
Approximately  50  such  alerts  have  been  sent  to  the  Naval  Communications 
Command  since  the  launch  of  SOLRAD  9.  As  with  previous  SOLRAD 
satellites,  the  international  scientific  community,  through  the  cooperation 
of  the  Committee  on  Space  Research,  is  provided  with  information  that 
enables  them  to  track  and  make  independent  studies  of  the  SOLRAD 
satellite  outputs.  At  present,  15  world-wide  observatories  are  partici¬ 
pating. 
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Operational  Implications 


SOLRAD  9  is  now  entering  into  its  fourth  year  of  operation  and  we 
have  been  able  to  keep  the  sun  under  continuous  observation  during  this 
period  except  for  short  transits  through  the  Earth’ s  shadow.  As  a 
result,  no  major  solar  event  lasting  more  than  20  minutes  has  failed  to 
be  observed  since  March  1968.  This  continuous  coverage  and  rapid 
dissemination  of  data  has  been  an  important  feature  of  the  SOLRAD 
Program  and  has  demonstrated  its  potential  as  an  operational  system. 

The  intermittent  availability  of  real-time  coverage  (totalling  only  6%  of 
the  day)  and  the  inherent  delay  in  preparing  solar  activity  records  from 
stored  data  are  inconsistent  with  a  truly  operational  system  and  for  these 
reasons  a  decision  was  made  four  years  ago  to  develop  a  satellite  system 
that  could  provide  continuous,  real-time  monitoring  of  solar  activity. 
Real-time  monitoring  of  solar  activity  will  enable  us  to  provide  warnings 
and  forecasts  of  solar-induced  disturbances  that  may  affect  the  perfor¬ 
mance  of  military  systems  employing  the  ionosphere. 

If  we  look  at  a  24-hour  period  on  20  July  1969,  as  shown  in  Fig.  5, 
(which  happens  to  be  the  day  the  APOLLO  astronauts  made  their  first 
landing  on  the  moon)  we  see  that  the  solar  X-ray  activity  in  the  8-20, 

1-8  and  0.  3-5A  bands  is  essentially  quiet  and  probably  caused  very  little 
disturbance  to  the  expected  variations  of  the  ionosphere.  However,  if  we 
look  at  21  October  1968,  Fig.  6,  we  see  an  almost  continuous  sequence  of 
solar  flares.  oThe  flare  peaking  at  0620  UT  reaches  about  0.3  ergs/cm^/ 
sec  in  the  1-8A  band.  One  of  the  effects  of  a  solar  X-ray  flare  of  such 
intensity  can  be  seen  in  Fig.  7.  This  figure  represents  the  response  of 
an  80-channel  HF  sounder  operating  between  Hawaii  and  California  on 
1  November  1968  from  1900  to  2120  UT.  The  vertical  "ridges"  represent 
the  relative  amplitude  of  signal  strength  at  the  receiver.  The  normal 
ionosphere  for  this  path  and  period  of  the  day  is  limiting  transmission  to 
frequencies  above  12  MHz.  At  2000  UT  a  solar  X-ray  flare  commences 
and  rises  from  a  "quiet  sun"  background  level  in  the  1-8A  band  to  0.  3 
ergs/cm^/sec  in  15  minutes.  The  concurrent  loss  of  signal  in  the  region 
between  12  to  32  MHz  is  essentially  a  direct  image  of  the  profile  of  the 
solar  flare,  disrupting  the  band  for  almost  60  minutes.  X-ray  flares 
also  produce  enhancement  of  the  lower  levels  of  the  ionosphere  and  result 
in  phase  anomalies  in  VLF  transmissions  proportional  to  the  intensity  and 
duration  of  the  flare. 

Emissions  of  the  sun  that  are  enhanced  during  periods  of  flare 
activity  are  shown  in  Fig.  8.  The  electromagnetic  radiations  travel  at 
the  speed  of  light  and  arrive  at  the  earth  in  about  8.  3  minutes.  These 
radiations  cover  the  entire  electromagnetic  spectrum,  but  it  is  primarily 
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the  enhancement  of  ultraviolet  and  X-ray  radiation  that  cause  radio  wave 
absorption  in  the  ionosphere  or  changes  in  the  reflection  height  of  radio 
wave  signals.  Radio  bursts  are  also  emitted  that  produce  jamming -like 
environments  for  some  radar  systems.  A  few  solar  flares,  usually  of 
high  intensity,  may  also  produce  proton  flares  that  will  intercept  the 
earth  if  they  are  ejected  to  travel  along  the  appropriate  trajectory.  High 
energy  protons  and  alpha  particles  arrive  15  minutes  to  several  hours 
after  the  initiation  of  the  flare  on  the  sun.  Much  of  the  earth' s  environ¬ 
ment  is  shielded  from  these  particles  by  the  earth' s  magnetic  field  and 
as  a  result  they  penetrate  at  the  polar  cap  regions  where  their  production 
of  enhanced  ionization  causes  radar  and  communication  blackouts  and 
severe  scintillations  of  satellite  signals.  Low  energy  protons  and  elec¬ 
trons  are  also  produced  during  the  proton  flares  and  cause  geomagnetic 
storms  that  result  in  world-wide  disturbances  to  many  communication 
systems.  They  can  also  cause  heating  of  the  outer  atmosphere  and 
thereby  perturb  the  orbital  motion  of  near-earth  satellites. 


SOLRAD  High  System 


The  NRL  plan  for  a  satellite  system  capable  of  providing  continuous, 
real-time  data  has  been  named  "SOLRAD  HIGH"  and  the  concept  is  shown 
in  Fig.  9.  Three  satellites  will  be  placed  in  a  near-equatorial,  circular 
orbit  at  a  distance  from  the  earth  of  70,  000  nautical  miles  (20  earth  radii) 
and  will  be  spaced  120*  apart.  Each  satellite  will  monitor  the  sun' s 
emission  and  will  transmit  telemetry  signals  continuously.  With  this 
arrangement  at  least  one  of  the  three  satellites  will  always  be  in  view  of 
the  NRL  tracking  station  at  Blossom  Point,  Md.  ,  thereby  providing  a 
constant,  real-time  monitoring  capability.  At  this  distance,  the  satel¬ 
lites  will  be  orbiting  in  a  path  that  is  generally  beyond  the  earth' s  mag¬ 
netosphere  and  will  make  possible  the  measurement  of  the  true  values  of 
solar  proton  emission  and  solar  wind  fluxes  outside  the  disturbing  influ¬ 
ence  of  the  earth' s  magnetic  field. 

The  SOLRAD  HIGH  concept  has  involved  some  changes  in  the  usual 
satellite  instrumentation  techniques.  The  long-range  communication 
problem  has  dictated  a  low  bit-rate  telemetry  link  with  data  formatted  to 
interface  with  real-time  computer  processing.  Consequently,  the  on¬ 
board  data  processing  system  must  be  independent  of  the  spin  rate  of  the 
satellite.  This  has  been  accomplished  by  changing  the  spin  axis  of  the 
satellite  from  being  held  perpendicular  to  the  sun  line  to  pointing  directly 
at  the  sun.  This  change  in  spin  axis  orientation  has  resulted  in  a  major 
configuration  change  in  the  SOLRAD  HIGH  satellites  as  shown  in  Fig.  10. 
The  solar  sensors,  located  in  the  top  plate  of  the  satellite,  will  observe 
the  sun  continuously  and  permit  the  use  of  slower,  lower  noise  electronics 
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with  greater  dynamic  ranges  and  detectors  with  narrow  fields  of  view. 
The  solar  cell  panels  will  also  act  as  antenna  dipoles.  Tentative  plans 
for  these  satellites  include  26  detectors  measuring  solar,  stellar,  and 
auroral  X-rays;  solar  ultraviolet  emission;  protons  and  electrons;  and 
earth  infrared  and  visible  albedo  as  shown  in  Fig.  11,  12,  and  13.  Plans 
approved  by  DOD  set  a  goal  for  launch  of  the  SOLRAD  HIGH  satellites  in 
March  1974.  Solar  emission  data  and  flare  warnings  would  be  made 
available  in  real-time  to  operational  users  through  a  Naval  Weather 
Service  distribution  system,  as  shown  in  Fig.  14. 

SOLRAD  10 


The  SOLRAD  10  satellite  is  the  next  low-altitude  satellite  and  is 
shown  in  Fig.  15.  This  satellite  is  scheduled  for  launch  in  July  1971  and 
will  serve  as  a  prototype  and  proof  test  for  the  major  changes  planned 
for  SOLRAD  HIGH.  It  will  be  the  first  of  SOLRAD  satellites  operating 
with  its  spin  axis  oriented  to  point  at  the  sun.  An  experimental  hydrazine 
propulsion  system  and  a  high-powered  RF  transmitter  will  be  flight  tested 
also.  Some  13  sensors  are  being  carried,  broadening  our  coverage  in 
the  X-ray  and  ultraviolet  spectrum. 
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Fig.  2  -  Evidence  of  Solar  X-ray  Enhancement  Causing  Short  Wave  Radio  Fade  Out 
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Fig.  4  -  Current  SOLRAD  Operations 
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-  A  Solar  X-ray  Flare  Effect  on  the  HF  Band 


Fig.  8  -  Solar  Flare  Emissions  and  Their  Effects  on  the  Ionosphere 


Fig.  9  -  SOLRAD  HIGH  SYSTEM  CONCEPT 
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SOLRAD  XI  TENTATIVE  EXPERIMENTS 
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W .  M.  SHERRILL,  D.  N.  TRAVERS,  P.  E.  MARTIN 


Southwest  Research  Institute,  San  Antonio,  Texas 
ADVANCED  RADIOLOCATION  INTERFEROMETRY 

ABSTRACT 

The  computer  instrumented  phase  interferometer  provides  a 
highly  flexible  direction  finding  instrument  for  radiolocation  and 
ionospheric  propagation  studies.  Techniques  for  providing  directive 
interferometers  and  mode  analysis  including  azimuth/elevation 
polarization,  coherence  ratio,  and  angular  width  without  wave  inter¬ 
ference  are  described.  Techniques  for  eliminating  the  twin  channel 
receiver  are  summarized  including  phase  sweep  interferometry  and 
the  use  of  an  atomic  frequency  standard  for  temporal  phase  reference. 

I.  INTRODUCTION 

The  early  application  of  the  interferometer  direction  finder  to 
sporadic  E  and  other  ionospheric  studies  utilized  the  amplitude  null 
method  of  azimuth  measurement.  Eckersley's  spaced  loop  interfer¬ 
ometer  of  the  mid-1930s  (1)  used  two  meter  square  loops  on  a  20- 
meter  baseline  and  was  mechanically  rotated  to  locate  the  null.  In 
addition  to  azimuth  direction  finding,  Eckersley  also  exploited  the 
fringe  visibility  of  the  interference  pattern  to  provide  an  estimate  of 
angular  width.  The  amplitude  interferometer  in  adcock  and  electri¬ 
cally  small  spaced  loop  versions  has  become  a  familiar  direction 
finder  over  the  years. 

Other  ionosphere  studies  have  used  the  phase  measuring  inter¬ 
ferometer  with  analog  phase  measurement  and  crossed  baselines  such 
as  the  Ross,  Bramley,  and  Ashwell  instrument  (2)  and  the  interfer¬ 
ometers  constructed  by  Burtynk,  et  al  (3).  The  single  site  location 
interferometer  used  by  Treharne  et  al  (4)  used  phase  nomograms  while 
the  University  of  Illinois  (5)  design  has  used  both  analog  computation 
and  off-line  processing  by  digital  computer  for  direction  finding  results. 

II.  COMPUTER  INSTRUMENTED  INTERFEROMETERS 

The  computer  instrumented  phase  interferometer  employing 
crossed  baselines  and  a  system  computer  operating  in  real  time  for 
azimuth  and  elevation  computation  has  become  conventional  over  the 
past  five  years  (6). 


Figure  I  shows  a  block  diagram  of  the  fully  computer  instru¬ 
mented  interferometer  system  now  under  development  for  the  U.S. 
Army.  A  sequencer  switches  the  array  elements  by  pairs  through  a 
twin  channel  phase  and  gain  matched  receiver  to  the  phasemeter. 
Amplitude  threshhold  and  other  data  editing  circuits  are  employed 
to  cope  with  HF  fading  and  other  real  world  complications  to  data 
acquisition.  The  phasemeter  output  is  digitized  and  fed  through  an 
A/D  converter  and  multiplexer  to  the  real  time  computer  which  com¬ 
putes  data  frames  at  the  rate  of  10  to  40  azimuth/elevation  samples 
per  second.  Time  averaging  is  used  to  resolve  the  strongest  mode. 
Algorithms  are  under  development  in  several  laboratories  for  the 
resolution  of  multiple  modes. 

Figure  2  shows  the  planned  system  configuration.  In 
order  to  perform  the  location  functions  for  which  it  is  designed,  this 
system  includes  an  FM/CW  sounder  also  monitored  in  real  time  by 
the  computer  system  and  DF  array  which  provides  virtual  height  and 
effective  ionospheric  tilt  and  tilt  compensation  to  the  observed 
azimuth/elevation  measurements.  The  operator's  control  panel  is 
organized  so  that  the  operator  concentrates  on  data  acquisition  and 
target  identification  while  the  computer  instrumented  system  provides 
data  reduction  and  signal  analysis  capability.  The  measured  data  is 
displayed  on  the  graphic  terminal  including  text  (azimuth/elevation 
cut  and  location  information)  and  real-time  azimuth/elevation  histo¬ 
grams  of  the  frame  data  obtained  during  data  acquisition.  Figure  3 
shows  the  control  console  and  display  in  more  detail. 

The  design  aspect  emphasized  here  is  the  integration  of  the 
system  computer  into  an  HF  interferometer  system  and  the  division 
of  labor  between  the  operator  and  the  computer  so  that  each  provides 
the  functions  for  which  he  !|A8  maximum  capability. 

Figure  4  shows  essentially  the  same  computer  instrumented 
interferometer  concept  using  directive  antenna  elements.  It  should 
be  emphasized  that  phase  interferometry  using  appropriate  directive 
elements  such  as,  for  example.  Beverage  sector  arrays  offers  the 
capability  for  directive  gain  which  excludes  unwanted  azimuth  sectors, 
combined  with  high  precision  azimuth /elevation  interferometric  direc¬ 
tion  finding.  The  entire  spectrum  analyzer  and  phase  measuring 
system  can  be  implemented  with  icientically  the  same  hardware  as 
used  for  the  single  site  system  but  using  different  antenna  elements. 
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Figure  5  shows  another  instrumentation  arrangement  for  the 
phase  interferometer  once  again  using  essentially  the  same  hardware, 
including  twin  channel  receiver,  phasemeter,  data  editing  circuits, 
and  on-line  computer.  In  this  array  the  element  is  polarization 
selectable  providing  the  capability  summarized  in  Figure  6.  By  using 
the  cross  polarized  antenna  element,  the  measuring  system  can  pro¬ 
vide  polarization  measurement  in  real  time,  for  example,  on  each 
mode  of  an  oblique  ionogram  using  FM/CW  sounding  technique.  Also 
the  direction  finding  capability  demonstrated  previously  (7)  can  be 
employed  for  azimuth/elevation  DF  measurements  on  each  resolved 
propagation  mode  of  the  ionogram  without  the  presence  of  wave  inter¬ 
ference  error.  Finally,  phase  difference  statistics  data  along  the 
baselines  can  be  analyzed  for  coherence  ratio  and  angular  width.  The 
sum  of  these  measurements  can  provide  exhaustive  propagation  mode 
analysis  for  all  modes  present  in  the  oblique  ionogram  by  full  exploi¬ 
tation  of  computer  instrumentation  capability. 

Another  important  advantage  of  the  computer  instrumented 
interferometer  is  the  ease  with  which  the  propagation  model  or  the 
data  processing  method  may  be  changed  to  suit  specific  requirements. 
Most  pact  DF  equipments  have  been  designed  to  process  data  on  the 
assumption  that  the  received  signal  is  to  be  interpreted  as  if  it  were 
a  single  plane  wave.  In  the  computer  interferometer  one  may  change 
to  some  other  interpretation  by  replacing  software  as  required. 

As  an  example  the  data  displayed  in  Figure  7  was  obtained  from 
a  simulation  corresponding  to  an  interferometer  similar  to  the  one 
described  above.  A  bearing  computation  program  was  used  which 
interprets  the  received  signal  as  two  plane  waves  having  arbitrary 
directions  and  amplitudes  and  randomly  changing  relative  phase.  In 
Figure  7  the  behavior  of  the  elevation  angle  is  displayed  as  a  time 
series.  For  this  example  three  plane  wave  components  having  the 
amplitudes  and  directions  shown  were  used  for  the  test  signal.  The 
elevation  angle  displayed  is  that  of  either  a  single  plane  wave  model 
or  the  stronger  of  the  two  components  for  a  two  plane  wave  model. 

The  data  processing  method  combines  the  results  of  two  successive 
frames  of  data  to  obtain  the  solutions  to  the  two  plane  waves.  It  is 
evident  that  variations  in  the  stronger  component  elevation  angle  are 
less  than  those  observed  using  a  single  plane  wave  model  even  when 
a  two  point  sliding  average  is  used. 
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HI.  SINGLE  CHANNEL,  PHASE  INTERFEROMETERS 

Another  technique  which  has  been  developed  during  the  past  two 
years  employs  the  principle  of  single  channel  phase  interferometry 
developed  by  the  Naval  Research  Laboratory  for  the  minitrack  satellite 
network  (8)  originally  set  up  for  the  Vanguard  and  Mercury  programs. 
Figure  8  shows  a  phase  measuring  interferometer  which  does  not  use 
a  twin  channel  receiver  but  rather  a  conventional  single  channel  com¬ 
munications  receiver.  This  technique  is  analogous  to  the  phase  sweep 
interferometer  used  in  radio  astronomy  where  a  continuous  phase 
sweep  in  one  element  is  introduced  by  off  setting  the  local  oscillator 
at  first  conversion  for  one  element  relative  to  the  other  element. 

After  superheterodyne  reception  and  detection  at  the  offset  frequency, 
the  offset  signal  phase  through  the  receiver  with  respect  to  the  reference 
offset  oscillator  is  a  measure  of  the  space  phase  difference  between  the 
antennas.  Figure  9  shows  a  data  logging  system  employing  three  such 
single  channel  systems  in  a  simple  azimuth  radiolocation  net  designed 
for  the  wildlife  tracking  for  the  Department  of  the  Interior  (9).  Figure 
10  shows  equipment  photographs . 

This  technique  offers  the  capability  for  phase  interferometric 
direction  finding  including  azimuth  and  elevation  computation  from 
crossed  baselines  where  it  is  not  expedient  to  use  a  phase  and  gain 
matched  twin  channel  receiver. 

In  another  technique  for  eliminating  the  twin  channel  receiver, 
a  stable  frequency  standard  is  used  as  the  phase  reference  as  shown 
in  Figure  11.  This  technique  in  its  simplest  form  is  a  temporal 
reference  interferometer  compared  to  the  spatial  reference. interfer¬ 
ometer  described  in  the  systems  above.  With  the  fixed  antenna  array, 
the  phase  on  each  element  of  the  array  is  measured  against  the  time 
standard  and  the  spatial  phase  difference  is  derived  by  the  phase  sub¬ 
traction  and  phase  ambiguity  resolution  techniques  used  in  the  other 
space  reference  systems.  Alternatively,  a  mobile  moving  probe 
approach  can  be  used  and  a  continuous  phase  function  measured  by 
continuous  phase  difference  measurement  with  respect  to  an  atomic 
frequency  standard. 

Where  target  transmitter  drift  and  various  modulations  are 
employed  it  is  necessary  to  modify  the  moving  probe  technique  by 
the  addition  of  a  fixed  reference  channel  which  records  the  intrinsic 
drift  of  the  target  transmitter  used  to  correct  the  measurements  of  the 
other  direction  finding  antennas.  This  in  effect  re-establishes  the 
twin  channel  spatial  reference  system  but  permits  the  antenna 
elements  to  be  independent,  as  an  extension  of  the  very  long  baseline 
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Michaelson  interferometer  technique  developed  for  radio  astronomy 
where  interferometer  baselines  stretch  to  intercontinental  distances 
(10). 


IV.  SUMMARY 

The  advent  of  the  computer  and  related  HF  component  tech¬ 
nologies  has  made  practical  the  development  of  sophisticated  inter¬ 
ferometric  analysis  systems.  The  full  generality  of  the  interference 
measurement  may  be  used  in  propagation  experiments  where  coherence 
ratio,  angular  width,  direction  of  arrival,  and  polarization  for  all 
modes  of  an  oblique  ionogram,  can  be  derived.  Alternatively, 
either  single  channel  spatial  reference,  single  channel  temporal 
reference,  or  twin  channel  spatial  reference  systems  may  be  erected 
for  various  radiolocation  tasks  which  provide  highly  flexible  and 
precise  skywave  and  groundwave  direction  finding  and  at  the  same 
time  are  highly  adaptable  to  the  various  locations  and  sites  imposed 
by  operational  constraints. 
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Albert  D.  Bailey 
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Urbane,  Illinois  61801 

In  recent  years  it  has  been  my  special  privilege,  opportunity  and 
responsibility  to  travel  to  different  parts  of  the  world  of  radio  direc¬ 
tion  finding  in  order  to  observe,  hear,  tell,  relate,  demonstrate,  and 
otherwise  Interact  as  best  I  could  with  the  disciplines  and  the  state  of 
the  art  and  science.  I  would  like  to  openly  express  my  appreciation  to 
each  of  you  who  had  a  part  in  making  this  happen  for  me.  Possessed  of 
all  of  this  knowledge,  I  feel  that  I  will  have  done  less  than  my  best  if 
I  do  not  make  a  few  pertinent  observations  about  what  is  becoming  very 
clear  to  me. 

Speaking  not  as  an  oracle,  nor  a  prophet,  but  rather  as  one  voice 
crying  in  the  noisy  wilderness,  I  respectfully  invite  your  attention  to 
the  following: 

1.  The  RDF  site  la  all  important. 

The  site  on  which  the  RDF  wave  collector  is  placed  has  been,  is  now, 
and  always  will  be  very  important  in  connection  with  any  meaningful  inter¬ 
pretations.  In  fact  any  site,  passive  or  active,  is  extremely  important 
in  any  sense  of  interpretation.  Ignore  it  and  it  may  smite  you  mightily. 
After  WWII  the  Marconi  Company  was  able  to  improve  on  the  classical  Adcock 
RDF  and  was  able  to  bring  its  systematic  error  down  to  approximately  +1° 
on  a  good  site.  In  use  it  had  a  standard  deviation  of  3  to  4  degrees  and 
this  was  attributed  to  propagation  errors.  The  teaching  here  is  that  low 
systematic  error  can  be  had  on  good  sites  with  a  minimum  system.  What  are 
the  compelling  reasons  that  force  us  to  do  less  than  this  with  our  up-and- 
coming  systems?  I  would  also  remind  you  that  there  are  DF  Standards  and 
Siting  Criteria  Requirements  that  jxist  and  represent  reference  levels  of 
attainment.  It  would  seem  to  me  that  we  are  being  naive  if  we  ignore  the 
standards. 

2.  Symmetry  must  be  observed. 

An  omnidirectional  RDF  array  is  designed  to  look  equally  well  in  all 
directions;  it  should  have  as  many  planes  of  symmetry  as  possible.  On  the 
other  hand,  sector-type  arrays  require  only  symmetry  about  the  boresight. 
The  presence  of  asymmetries  may  require  that  one  pays  a  very  high 
price  on  occasion.  I  have  been  asked  about  what  will  happen  if  subject 
array  is  placed  on  a  tilted  or  sloping  site,  such  as  the  side  of  a  hill 
or  a  mountain.  Also,  what  will  happen  if  an  A-type  direction  finder  is 
placed  in  close  proximity  to  a  B-type  direction  finder.  My  first  reply 
is,  "Don't  do  it."  But  then  I  hasten  to  add,  "But  if  you  must  do  it  be 
prepared  to  pay  a  penalty...  ."  Now  this  is  not  what  you  would  like  to 
hear,  but  the  weight  of  evidence  that  has  been  stored  up  in  the  written 
experiences  of  many,  many  experimenters  and  set  down  in  the  standards 
teaches  that  one  avoid  siting  problems  and  watch  symmetry.  Now  it  may  be 


Chat  we  want  Co  change  Che  rules,  rewrite  the  standards  and  toss  the  old 
sets  of  constraints  out  of  the  window  and  break  these  "damnable  bounds." 

In  the  event  of  this  latter  I  have  some  ideas  and  there  is  always  hope  in 
the  sense  of  some  "optimum  policy."  We  all  know  it  will  be  an  optimum 
solution  subject  to  the  constraints,  but  it  is  just  these  constraints  that 
siting  criteria  try  to  avoid. 

3.  Concentrated  Complexity  -  is  it  a  wave  of  the  future? 

In  our  own  discipline  one  sees  pressures  building  up  due  to  new  vec¬ 
tors  -  a  convergence  of  solutions  looking  for  problems.  Let  me  illustrate 
the  situation  in  two  specific  cases. 

Ionospheric  propagation  and  computers  are  receiving  much  attention 
these  days  and  appaar  to  be  the  waves  of  the  future  that  are  cresting  now 
and,  to  all  indicat  ions,  will  only  increase.  As  far  as  we  are  concerned,  I 
believe  that  each  of  these  must  be  taken  in  stride  and  in  proper  perspec¬ 
tive.  But  one  cannot  lose  sight  of  the  importance  of  the  primary  element  - 
the  wave  collector.  It  really  is  the  sine  qua  non  element!  I  recall  ar¬ 
guments  that  were  presented  by  colleagues  to  the  effect  that  in  an  RDF 
system  one  needs  a  certain  amount  of  complexity  and  one  may  distribute  it 
around  as  one  sees  fit.  For  example,  if  one  puts  a  lot  of  complexity  into 
one's  directive  array  then  one  doesn 't  need  much  of  an  indicator.  Again,  if 
one  p  its  alot  of  complexity  into  a  sophisticated  computer  one  shouldn't 
need  luch  of  an  antenna.  The  argument  sounds  good  on  the  surface  and  one 
can  c..te  cases  where  this  does  appear  to  be  a  fact  of  experience.  It  sug¬ 
gests  the  loosely  stuffed  sausage. 

I  would  like  to  propose  "Bailey's  uncertainty  principle"  (with  apol¬ 
ogies  to  Werner  Heisenberg) .  The  idea  is  to  the  effect  that  there  is  a 
limiting  or  minimal  complexity  AC  in  any  essential  element  of  the  RDF 
system  that  must  be  exceeded!  To  make  it  more  quantitative,  let  AV^  be 
the  volume  of  the  ith  element  (which  we  want  to  control  in  one  way  or 
another)  then  AVj.  •  ACj  >  hg  >>  0  where  ACj  is  a  measure  of  the  com¬ 
plexity  of  the  jth  element  that  will  compensate  for  the  limitation  of  the 
ith  element. 

Computers  are  having  their  impact  but  they  should  be  good  and  faith¬ 
ful  servants  and  cooperative  members  of  the  team.  They  cannot  grow  to  the 
complete  exclusion  of  the  other  system  elements.  The  same  can  be  said  for 
ionospheric  propagation  information.  Up  to  a  point,  it  is  needed.  In 
either  case  the  old  established  economic  principle  of  diminishing  returns 
will  be  the  deciding  factor. 

4.  You  really  must  make  a  sufficient  number  of  measurements. 

One  hears  the  term  "frame  of  data"  or  "data  vector"  being  used  in 
connection  with  our  discipline.  I  believe  the  term  means  "a  near  instanta¬ 
neous  but  complete  set  of  measured  data  which  will  permit  one  to  uniquely 
solve  the  set  of  simultaneous  equations  that  describes  our  problem  at  that 
Instant."  There  is  a  minimum  set  of  antennas  that  would  be  needed  in  a 
wave  collector  to  uniquely  measure  the  single  "frame"  or  "vector."  I 


believe  that  the  number  of  antenna  elements  needed  to  specify  a  single 
frame  of  data  is  more  than  5  and  probably  as  large  as  8  per  mode! 

Some  recent  work  by  P.  A.  Gothing  on  vertically  stacked  antenna  ele¬ 
ment  arrays  has  shown  that  for  a  single  frame  of  data  a  minimum  number  of 
antenna  elements  is  needed.  Even  if  this  number  is  as  large  as  6,  it  can¬ 
not  solve  many  problems  on  a  single-frame  basis.  Of  course  we  all  know 
that  if  one  is  given  sufficient  time  in  which  to  obtain  many  frames  of 
data,  the  situation  is  far  different  and  fewer  antenna  elements  will  suf¬ 
fice.  This  is  an  application  of  the  classic  crgodic  theorem  on  stationary 
statistical  processes  wherein  a  long-time  average  over  one  member  of  an 
ensemble  is  equivalent  to  a  large  ensemble  average  obtained  at  any  instant. 
The  implication  here  is  that  some  rethinking  is  needed. 

5.  The  noise  level  is  coming  up. 

Signal-to-noise  ratio  is  a  fact  that  will  become  more  critical  in  any 
of  our  systems  and  very  dramatically  so!  Recent  theoretical  work  done  at 
the  Radiolocation  Research  Laboratory  and  reported  at  the  last  previous 
conference  has  become  better  appreciated  here.  1  think  its  implications  are 
Inescapable.  It  was  shown  that  in  differential-phase  type  RDF  systems  the 
signal-to-noise  ratio  limits  the  minimum  aperture  of  the  array.  Apertures 
approaching  a  wavelength,  or  more,  are  Indicated  as  being  vary  desirable. 
We  are  aware  of  the  many  other  facets  of  the  noise  problem. 

6.  HF  Receivers  need  to  receive  more  for  less. 

Matched  in  gain  and  phase  N-channel  receivers  are  urgently  needed  to 
solve  the  new  sets  of  problems  that  are  being  posed  by  both  passive  and 
active  radiolocation  systems  at  HF.  But  they  must  be  relatively  inexpen¬ 
sive.  Something  of  the  order  of  one  "kilobuck"  per  channel  would  make 
them  very  attractive;  the  present  cost  per  channel  appears  to  be  almost 
ten  times  this  figure.  Given  this  capability,  multielement  sampling 
arrays  immediately  become  feasible  and  practical  and  new  disciplines  can 
evolve. 

7.  How  much  should  one  pay  for  a  whistle? 

The  last  point  that  I  would  like  to  address  is  concerned  with  the 
question  of  "what  minimum  ancillarles  are  needed  for  adequate  probing  of 
the  ionosphere  overhead  and  in  the  near  neighborhood  to  help  us  solve  our 
problems?" 

I  have  seen  the  Buckland  Park  array  near  Adelaide.  It  has  an  aperture 
of  approximately  one  kilometer  consisting  of  a  hundred  or  so  elements.  Ev¬ 
idently  it  permits  one  to  get  a  good  handle  on  the  drifts  and  traveling 
disturbances  in  the  ionosphere  overhead.  The  frequency  of  the  experiment 
was  approximately  2MHz.  I  heard  a  report  recently  at  URSI  on  a  32-element 
circular  array  having  a  diameter  of  2km  which  was  able  to  provide  a  raster- 
type  display  of  the  traveling  features  overhead.  The  work  of  Jones  and 
Davies  on  Doppler  Effect  Techniques  with  special  transmitters  has  been  very 
successful  with  spaclngs  of  the  order  of  50  kilometers. 
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Our  own  work  with  spaced  CW  transmitters  has  demonstrated  good 
results  with  spaclngs  of  30  kilometers.  Our  hope,  of  course,  is  that  one 
can  glean  all  of  this  information  from  one  complementary,  collocated  and 
compatible  RDF-Ionosonde  system.  The  RDF  would  be  of  the  wide-base  dif¬ 
ferential-phase  type  of  system  which  has  the  capability  of  measuring  both 
components  of  the  angle  of  arrival  of  a  radio  signal.  I  feel  inclined  to 
believe  that  the  success  achieved  by  the  very  wide-base  experiments  points 
the  way  in  which  we  must  go  if  we  want  to  realize  the  potential  of  these 
techniques.  The  other  point  I'd  like  to  make  is  that  whatever  we  do  must 
be  complementary,  collocated  and  compatible  and  must  not  cost  too  much. 

It  should  not  be  another  source  of  noise  pollution. 
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